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The aviation industry is expected to grow at an annual rate of 5% until the year 
2031 according to Boeing Outlook Report of 2012. Although the aerospace manufacturers 
have introduced new aircraft and engines technologies to reduce the emissions generated 
by aircraft engines, about 15% of all aircraft in 2032 will be using the older technologies. 
Therefore, agencies such as the National Aeronautics and Astronautics Administration 
(NASA), Federal Aviation Administration (FAA), the Environmental Protection Agency 
(EPA) among others together with some academic institutions have been working to 
characterize both physical and chemical characteristics of the aircraft particulate matter 
emissions to further understand their effects to the environment. The International Civil 
Aviation Organization (ICAO) is also working to establish an inventory with Particulate 
Matter emissions for all the aircraft turbine engines for certification purposes. This steps 
comes as a result of smoke measurements not being sufficient to provide detailed 
information on the effects of Particulate Matter (PM) emissions as far as the health and 
environmental concerns. The use of alternative fuels is essential to reduce the impacts of 
emissions released by Jet engines since alternative aviation fuels have been studied to lower 
particulate matter emissions in some types of engines families. 
 The purpose of this study was to determine whether the emission indices of the 
 
xx 
biofuel blended fuels were lower than the emission indices of the traditional jet fuel at 
selected engine thrust settings. The biofuel blends observed were 75% Jet A-25% Camelina 
blend biofuel, and 50% Jet A-50% Jet A blend biofuel. The traditional jet fuel in this study 
was the Jet A fuel. The results of this study may be useful in establishing a baseline for 
aircraft engines’ PM inventory. Currently the International Civil Aviation Organization 
(ICAO) engines emissions database contains only gaseous emissions data for only the TFE 
731 and JT15D engines’ families as representatives of other engines with rated thrust of 
6000 pounds or below. The results of this study may be used to add to the knowledge of 
PM emission data that has been collected in other research studies. 
 This study was quantitative in nature. Three factors were designated which were 
the types of fuels studied. The TFE-109 turbofan engine was the experimental subject. The 
independent variable was the engine thrust setting while the response variable was the 
emission index. Four engine runs were conducted for each fuel. In each engine run, four 
engine thrust settings were observed. The four engine thrust levels were 10%, 30%, 85%, 
and 100% rated thrusts levels. Therefore, for each engine thrust settings, there four 
replicates. The experiments were conducted using a TFE-109 engine test cell located in the 
Niswonger Aviation Technology building at the Purdue University Airport. The testing 
facility has the capability to conduct the aircraft PM emissions tests. Due to the equipment 
limitations, the study was limited to observe total PM emissions instead of specifically 
measuring the non-volatile PM emissions. The results indicate that the emissions indices 
of the blended biofuels were not statistically significantly lower compared to the emissions 
of the traditional jet fuel at rated thrust levels of 100% and 85% of TFE-109 turbofan engine. 
However, the emission indices for the 50%Jet A - 50%Camelina biofuel blend were 
 
xxi 
statistically significantly lower compared to the emission indices of the 100% Jet A fuel at 
10% and 30% engine rated thrusts levels of TFE-109 engine. The emission indices of the 
50%-50% biofuel blend were lower by reductions of 15% and 17% at engine rated thrusts 
of 10% and 30% respectively compared to the emissions indices of the traditional jet fuel 
at the same engine thrust levels. 
Experimental modifications in future studies may provide estimates of the 
emissions indices range for this particular engine these estimates may be used to estimate 
the levels of PM emissions for other similar engines. Additional measurements steps such 
as heating of the sampling line, sampling dilution application, sampling line loss estimates, 




CHAPTER 1. INTRODUCTION 
1.1 Introduction 
This study compares the particulate matter emissions indices for a TFE-109 
turbofan engine at four thrust settings using traditional Jet A fuel and two blends of Jet A 
and Camelina biofuel. The aim of the study was to examine the effects of the alternative 
fuels on smaller engines in terms of particulate matter emissions released in the engine 
exhaust. This chapter introduces the growth of air transport industry, the fuel consumption 
and challenges pertaining to industry fuel usage, the benefits of the air transport industry, 
and the technology developments in the aircraft fleet to reduce particulate matter emissions 
released in engines’ exhaust. This chapter explains the significance of particulate matter 
emissions with regard to local air quality. The problem statement is presented and is 
followed by the hypothesis statements that were studied. Assumptions and delimitations 
are discussed and followed by summary and definitions that were used.
 
1.2 Background 
The air transport industry has been growing since its establishment in the early 
1900s despite the challenges that it has encountered. One of the challenges include the oil 
price volatility. The 1974 oil crisis which caused the world oil prices to increase by four 
times the original prices (Oil Crisis, Slaying the Dragon of Debt: Fiscal Politics & Policy 
 
2 
from the 1970s to the Present [University of Berkeley], 2013), the Iraq-Iran war which 
caused the oil production from the two countries to decrease by 6%, and the Gulf crisis 
which caused the world crude oil price to double (Hamilton, 2011). The world economic 
recession in 2008 also contributed to the price of oil rising from $55 to $142 a barrel 
(Hamilton, 2011). Other challenges include terrorism (such as the September 2011 
terrorism attack at the World Trade Center) and health reasons (such as the 2003 bird flu 
infection). However, despite these challenges, the air transport keeps growing. In the 
United States, the number of revenue passenger enplanements for the scheduled air carriers 
has continued growing at an average annual rate of 4.4% as shown in Figure 1 (U.S Air 
Carrier Traffic Statistics Through February 2014 [Bureau of Transportation Statistics], 
2014). 
 
Figure 1. United States Passenger Enplanements between 1964 and 2013. Adapted from 
“Airport and Airports Statistics,” by Bureau of Transportation Statistics, 2013. Copyright 







































































In addition to other economics benefits, the air transport industry contributes to 
creation of jobs worldwide. According to the 2012 Aviation: Benefits Beyond Borders 
Report, 8.6 million jobs worldwide are directly facilitated by the industry while about 48 
million jobs are indirectly affected by the industry (Aviation: Benefits Beyond Borders 
Report [Air Transport Action Group (ATAG)], 2012).  
The air transportation industry is projected to grow if the economic growth stays 
the same or grows and air tickets’ prices decrease. Economic growth and ticket prices’ 
volatility have been observed to be main contributors of air traffic growth (ICAO 
Environmental Report – Aviation and Climate Change [ICAO], 2010). The Aerospace 
Forecast for Fiscal Years 2013 – 2033 Report released by Federal Aviation Administration 
(FAA) (Aerospace Forecast for Fiscal Years 2013 – 2033 [FAA], 2013) projects that the 
United States Revenue Passenger Miles and Real Gross Domestic Product will grow at 
average annual rates of 3.0% and 2.7% for the next twenty years. Worldwide, the amount 
of air passengers carried during the year 2012 was 3.0 billion (a 4.7% annual growth rate 
from the year 2011) while the global air traffic was to increase at annual rates of 4.8, 5.9, 
and 6.3 for the years 2013, 2014, and 2015 respectively (Forecasts of Scheduled Passenger 
Traffic [ICAO], 2013). 
However, while the air transportation industry is expected to continue growing, the 
issue of oil security is of importance if the industry is to continue thriving. Figure 2 
indicates the world Jet fuel refinery output growing at an average annual rate of 4.25% 
between 1984 and 2010 (International Energy Statistics: Petroleum & Other Liquids [U.S. 
Energy Information Administration], 2013). Despite the current price foe aviation biofuels 
being three times compared to the price of tradition Jet fuel, airlines and other governments’ 
 
4 
agencies are working on developing effective biofuel chain supplies which will provide 
affordable aviation biofuel for the future (ATAG, 2012).  
 
Figure 2. World Total Oil Supply and World Jet Fuel Refinery Output. Adapted from 
“International Energy Statistics: Petroleum & Other Liquid,” by US Energy Information 
Administration – Independent Statistics & Analysis. Copyright 2013 by the US Energy 
Information Administration. 
 
The emissions released due to the industry’s operations continue to affect the 
airports surrounding communities’ noise level, local air quality, and global climate. Such 
emissions include noise, particulate matter, and gaseous species (Waitz et al., 2004). 
Stricter regulations on airports-related noise effects were observed after the turbojet aircraft 
entered the market during the 1950s. With the introduction of new aircraft technology at 
early 1970s, the FAA projected a decrease of population exposed to airport-related noise 
from 7 million in 1975 to about 600,000 in 2000 (about 94% reduction). However, 
projected growing air transport demand may limit the noise reductions related to air 
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5 
[US Government Accountability Office], 2000). Gaseous and particulate matter emissions 
released from Jet engines’ exhaust have been observed to affect local air quality and global 
climate. Although the emissions released during the LTO stage (i.e. below 3,000 ft.) are 
estimated to affect the local air quality (which consequentially affects the environment and 
health of the people), the emissions released during the cruise stage are estimated to also 
affect the climate (Environmental Report – Aviation and Climate Change [ICAO], 2010). 
Particulate matter consists of particles in solid or liquid forms floating in the 
atmosphere (Kugele, 2005). These particle consist of carbon particles, organic compounds 
from fuel combustion or oil lubrication, eroded metals from engines, and particles found 
in the air from natural sources (Webb, et al., 2008). They are classified into primary and 
secondary particles. The size of the particulate matter varies from 1nm to 100 micrometer 
the particulate matter size determines both the particles’ lifetimes in the atmosphere and 
their effects to the environments and human health (Kugele, 2005). Aircraft are the major 
source of particulate matter emissions at airports (Webb, et al., 2008. Airports’ emissions 
contribute about 10% of ‘regional’ emissions in an urban place and more than 10% at rural 
places. Regional for this case would mean a 50 kilometer radius population surrounding 
the airport (ICAO, 2010). Studies have linked the particulate matter exposure with both 
morbidity and mortality especially the ultrafine particulate matter (those with aerodynamic 
diameter of 1000nm or less) (Frank et al., 2011). Therefore, the local air quality around 
airports is at risk of being affected by aircraft’ emissions compared to other areas far from 
airports (Hu et al., 2009). Regional and global effects associated with particulate matter 
emissions include but not limited to contrail formation, changes on visibility and ozone 




Gaseous and particulate matter Emissions that are produced as a result of aviation 
operations mainly consists of carbon dioxide (CO2), water vapor (H2O), Nitrogen oxides 
(NOx), carbon monoxide (CO), sulfur oxides (SOx), Volatile Organic Compounds (VOCs), 
and particulate matter emissions. Approximately 10% of all aircraft’ emissions during a 
Landing-Takeoff cycle, are produced during takeoff and landing of aircraft. Sources of 
these aviation emissions include but not limited to aircraft, car traffic at airports, ground 
service equipment, auxiliary power units, and construction equipment (Dutton et al., 2002). 
The ICAO has imposed regulations on certifying engines for gaseous (carbon 
monoxide, nitrogen oxides, and unburned hydrocarbons) and smoke emissions since the 
first emissions standards were established in 1981 (Forecasts of Scheduled Passenger 
Traffic [IATA], 2013). ICAO has recommended standards to be observed during testing 
and certifying an aircraft engine for emissions through one of its reports, ICAO Annex 16: 
Environmental Protection, Volume II – Aircraft Engine Emissions (ICAO Annex 16: 
Environmental Protection Volume II – Aircraft Engine Emissions [ICAO], 2013). This 
report explains how to conduct engine tests to measure the emissions released from the 
engine exhaust by simulating the four stages of the Landing-Takeoff (LTO) cycle (takeoff, 
climb-out, approach, and idle/taxi). Major pollutants observed are carbon monoxide, 
nitrogen oxides, unburned hydrocarbons, and smoke (ICAO, 2013). The FAA has also 
established standards to be observed by turbine engines aircraft’ operators through Title 14 
CFR Part 34. The document states the standards for both fuel venting and exhaust 
emissions for aircraft that are in operations and also the test procedures for new engines’ 
exhaust gaseous emissions and smoke emissions (Title 14 Code of Federal Regulations 
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Part 34: Fuel Venting and Exhaust Emission Requirements for Turbine Engine Powered 
Airplanes [US Government Printing Office], 2013). 
The FAA initiated a program namely Continuous Lower Emissions, Energy, and 
Noise (CLEEN) to fasten the introduction of new aircraft’ technologies and aviation 
alternative fuels in order to curb the on-going emissions problem. The goals of the program 
between 2015 and 2018 were to reduce the noise emissions by 32dB below stage 4, reduce 
nitrogen oxide (NOx) emissions during LTO by 60% below the ICAO’s 2004 established 
standard, and reduce aircraft burn by 33% below the then current technology. Other goals 
included establishing a system for drop-in alternative fuels and being able to quantify it, 
and revealing how qualified the new aircraft’ technologies will be in order to encourage 
the stakeholders (FAA, 2013). The Partnership for Air Transportation Noise and Emissions 
Reduction (PARTNER) Center was also established by the FAA in 2003 to foster the 
research works and studies on environmental impacts of air transportation. The center is 
currently funded by FAA, National Aerospace and Astronautics Administration (NASA), 
Transport Canada, US Department of Defense (DoD), and the Environmental Protection 
Agency (EPA). The center consists of 12 universities and about 50 board members from 
variety of backgrounds including aerospace manufacturers, airlines and airports operators, 
government, and other business stakeholders. One of the activities of PARTNER include 
studying different perspectives of aviation alternative fuels and their effects to the 
environment, and research campaigns to measure and analyze formation of particulate 
matter from aircraft (PARTNER, 2013). 
The International Civil Aviation Organization (ICAO) is currently working on 
developing particulate matter emissions certification requirements for aircraft engines 
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(IATA, 2013). The process first involves comprehending the formation of particulate 
matter emissions (especially those with aerodynamic diameter of less than 2.5 micro-meter) 
and their health effects to human beings (ICAO, 2010). The new certification requirements 
will ensure that the local air quality problems, especially around airports, are looked 
comparably to aircraft’ greenhouse gas and noise emissions (Responsibly Addressing 
Local Air Quality Emissions [IATA], 2013). The requirements will also contribute to the 
awareness of health and environmental effects related to particulate matter emissions 
including early deaths due to cardiovascular and respiratory diseases, soil degradation, and 
visibility (which may result in unsafe aircraft operations) (EPA, 1999). 
The EPA is working to reduce air pollution and find ways to improve local air 
quality in order to ensure that the public health is not compromised. Through collaborative 
working with states, local, and tribal governments, the agency pinpoints areas that are not 
conforming to the National Ambient Air Quality Standards (also known as Non-attainment 
areas) in reducing and improving the air quality (Our Nation’s Air: Status and Trends 
Through 2010 [EPA], 2012). There is also a need to conduct more research on particulate 
matter emissions released from the Jet engine exhausts to determine the relationship 
between the fuel composition and the particulate matter emission that are formed (Webb, 
et al., 2008). 
The introduction of Jet engines about 50 years ago has caused aircraft emissions to 
be of great concern especially in the air transportation industry. The Federal Aviation 
Administration (FAA) together with the EPA issued the first standards to control the 
aircraft emissions’ effects on local air quality in 1973 by establishing regulations for all 
pollutants. The two agencies also requested aircraft operators to “use low-smoke 
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combustors” and avoid releasing the fuel after engines’ shutdown. The International Civil 
Aviation Organization (ICAO) established similar regulations in 1980s, to be practiced by 
aircraft’ operators, to protect local air quality around airports and their vicinity (Dutton, 
2002).  
The National Aeronautics Space Administration (NASA), Federal Aviation 
Administration (FAA), and Department of Defense (DOD) invest approximately $5 
million per year to establish methodologies for measuring the aircraft’ emissions and 
analyzing the emissions data. Also, the agencies, in collaboration with some universities, 
have been working toward investigating relationship between engines’ design and their 
operations, inform aircraft’ operators of emissions’ impacts to local air quality, and 
developing models for future decisions. Future works to get emissions data for wider 
spectrum of aircraft’ fleet will decrease the dependence on emissions' approximations 
methods and thus being able to determine specific health effects related with aircraft’ 
particulate matter emissions (Waitz et al., 2004). 
Although airports’ administrations face the challenge of imposing regulations to 
protect employees and surrounding communities from related particulate matter emissions, 
there is a limited data on particulate matter emissions from aircraft’ engines and APUs. 
The FAA made efforts in 2002 to develop a First order Approximation method to estimate 
the particulate matter emissions released by Jet engines based on smoke numbers. Also, 
FAA together with NASA, EPA, and other institutions conducted APEX (Aircraft Particle 
Experiment) projects to both characterize and quantify particulate matter emissions from 
several commercial turbine engines using both standard and alternative fuels. However, the 
data obtained is relatively small compared to the whole range of turbine engines in 
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operation today. ICAO has established a database for aircraft engines’ emissions that 
include only gaseous emissions and smoke number. The smoke numbers are helpful in First 
Order Approximation method, but are not direct indication of particulate matter emissions 
(Webb, et al., 2008). The ICAO database contains emissions data for engines with rated 
thrust of 6,000 pounds or greater (ICAO, 2013). More particulate matter emissions data for 
engines with rated thrust below 6000 pound will be used in emissions inventories and 
models to predict the amounts of emissions that similar engines will be generating. 
 
1.4 Problem Statement 
While alternative fuels from renewable sources promise to help in reducing the 
aircraft’ emissions through their development, production, and combustion (ICAO, 2010), 
few engines have been tested on particulate matter emissions while using alternative fuels. 
Most testing works on analyzing the performance of “Anything to Liquid” and 
“Hydrogenated Renewable Jet” fuels indicate lowered particulate matter emissions that are 
related to the reduced aromatic content in the alternative fuels. Additional particulate 
matter emissions experiment may further the understanding of the particulate matter 
emissions from engines with rated thrust below 6,000 pounds for standard fuels. The 
emissions data collected may be helpful in building future emissions models for similar 
engines. Obtaining data for variety of blends of standard and alternative fuels may help to 
understand the influence of alternative fuels on engines’ performance and how the 





1.5 Hypothesis Statement 
The research question in this study was whether the particulate matter emissions 
indices (for the number concentrations) released by the turbofan TFE-109 engine exhaust 
using two blends of Jet A and Camelina biofuel will be lower compared to the particulate 
matter emissions released by the engine’s exhaust when using Jet A fuel alone. The two 
blends of Camelina and standard Jet A fuel were of ratio 75% Jet A/25% Camelina and 50% 
Jet A/50% Camelina. The emissions results for each of these blend were compared to the 
baseline emissions results obtained from running the engine using standard Jet A fuel alone 
at a selected engine thrust setting. Two hypothesis statements were thus formulated: 
H0: The emissions index for the particulate matter emission released from the Jet 
engine exhaust using the standard Jet A fuel equals the emission index for the particulate 
matter emissions released by the engine when using the blend of standard Jet A fuel and 
Camelina biofuel at selected engine thrust setting. 
HA: The emissions index for the particulate matter emission released from the Jet 
engine exhaust using the standard Jet A fuel is greater than the emission index for the 
particulate matter emissions released by the engine when using the blend of standard Jet A 
fuel and Camelina biofuel at selected engine thrust setting. 
 
1.6 Assumptions 
During the study, the following assumptions applied: 
a) There is no loss of particles along the sampling line. 
b) The PM emissions results that were obtained during all the engine runs represented the 
PM emissions generated from the engine. Although the results were corrected with 
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background PM measurement, an assumption that the engine inlet air did not contain 
significant PM emissions was applied. 
c) The warming up of the engine did not affect the results since some studies have 
indicated that results obtained immediately after the engine was started were not 
relatively similar to the results obtained after the engine had been in operation for some 
time (Kinsey, 2009). 
d) The thrust amount which was displayed by the thrust meter on the engine operating 
panel was the actual thrust produced by the engine. 
e) The residence time of the particles in the sampling line system did not significantly 
affect the results. 
 
1.7 Limitations 
The limitations of the study included: 
a) Characterizing the particulate matter emissions after their immediate release from the 
Jet engine’s exhaust. The experimental set up did not allow positioning of sampling 
probes at multiples distances from the engine’s exhaust to evaluate the evolution of the 
particulate matter emissions. 
b) The measurements set-up limited the maximum size of the particulate matter emissions 
to be observed at 300nm. 
c) The experimental set up of the test cell did not fully comply with the requirements 
stated in the SAE E-31 Committee Aerospace Information Reports on conducting 
emissions testing for aircraft turbine engines. 
d) The study was limited to measurement of total PM emissions. The current capability 
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of the measurements facility do not allow, at the recent moment, separate measurement 
of non-volatile and volatile PM emissions. To that end, the experimental set up of the 
test cell does not fully align with the requirements stated in the SAE E-31 Committee 




The delimitations of this study included: 
a) The study focused on characterizing the physical aspects of the aircraft engine PM 
emissions (size distribution, particle concentrations in relations with engine thrust 
settings (% rated thrust and fuel flow rates). 
b) The fuel used for obtaining baseline for PM emissions was Jet A. 
c) The alternative fuels used in this study were blends of Camelina and Jet A with volume 
mixing ratios of 50%-Jet A/50%-Camelina and 75%-Jet A/25-Camelina.  
 
1.9 Summary 
Air transportation industry continues to be beneficial to the society by generating 
jobs and becoming one of the main facilitator for global travel and tourism. Governments 
obtained revenues (through taxes or fees) are used in supporting and developing the 
industry. The projections of the air transport to continue growing for the next twenty (20) 
years has caused the international community to raise concerns about the effects that may 
be caused by the particulate matter emissions released by the Jet engines on the local air 
quality. These particulate matter emissions may be associated with both environmental and 
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health effects. The ICAO has established a database with certified engines’ emissions data 
only for engines with rated thrust of 6000 pounds or greater leaving the other extreme of 
engines. While the FAA in collaboration with other agencies (DoD, NASA etc.) have 
conducted engines’ tests (using either standard fuels or blends of standard and alternative 
fuels) to measure the particulate matter emissions, the family of engines used do not 
represent the whole range of Jet engine in operation today. Alternative fuels promise 
reduction in particulate matter emissions but more data is needed to establish emissions 





CHAPTER 2.  LITERATURE REVIEW 
This chapter covers the literature review that was conducted during the study. The 
first section gives detailed information on particulate matter emissions with an emphasis 
on aircraft generated particulate matter emissions. Sources, types of PM emissions are 
explained in more detail in the first section. The second section of the literature review 
covers the aircraft generated PM emissions research studies that have been conducted in 
the past. The third section gives provides information on the development of alternative 
aviation fuels followed by specific information on the Camelina plant as a biofuel feedstock
2.1 Particulate matter (PM) 
This sub-section explains the definition, categories, formation, and effects of 
particulate matter. The section also gives detailed knowledge on particulate matter 
emissions generated from aircraft’ operations. 
 
2.1.1 What are Particulate Matter 
Particulate matter (PM) consists of a wider group of substances with varied 
chemical and physical (including size) properties in the form of liquid droplets or solids. 
Particulate matter originate from human-made stationary and moving sources or natural 
sources. While studying their effects as far as health and environments are concerned is a 
possibility, the process is complex since the chemical and physical properties of the PM 
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vary with time places, source, type, and weather. PM emissions may be released directly 
from their sources or formed in the atmosphere by reactions of other gaseous compounds. 
Generally, PM are classified as PM10 if they have an aerodynamic diameter of 10 
micrometer or less and PM2.5 if they have an aerodynamic diameter of 2.5 micrometer or 
less (Evaluation of Air Pollutant Emissions from Subsonic Commercial Jet Aircraft [EPA], 
1999). Another term used for PM2.5 is fine particulate matter, while those particulate 
matters with diameters between 2.5 and 10 micrometer are referred as coarse particulate 
matter. Particulate matters with diameters less than 0.1 micrometer are called ultrafine 
particulate matter. Ultrafine particulate matter reside in the atmosphere for relatively short 
time ranging between minutes to hours and they traverse between a mile and 10 miles 
before they grow into larger particulate matter. Fine particulate matter will stay in the 
atmosphere for longer times ranging between days to weeks and they may get transport for 
thousands of miles. Coarse particulate matters have short residence times ranging between 
minutes to hours based on size, weather and altitude. The coarse particulate matter will 
traverse for less than 10 miles before they sink due to gravity or collide with other objects. 
Coarse particles are formed from sources such as wind dust, sand, or human activities such 
as construction etc. Ultrafine particles are generated during combustion, nucleation of other 
particulate matter, or when gases from aircraft’ plumes condense and undergo chemical 
reactions (Webb, et al., 2008). The weather has also been observed to affect the formation 
of the particulate matter such as sulfates particulate matter will be formed during the 
summer while more nitrates will be formed during the winter (EPA, 2012)  
Particulate matter have been found to affect the human health (if humans are 
exposed to them) and the environment. The health effects include premature mortality; 
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respiratory and cardiovascular diseases; and changes in lung functions, tissues, and 
structure. These health effects may be caused by acute exposure (a few hours after exposure) 
or chronic exposure (months or years after exposure). Environmental effects of particulate 
matter include ecological effects (the effects on plants and animals) and others including 
decrease in visibility (which may be hazardous at air transportation), soil damage, and 
damage to buildings (EPA, 1999). On a global scale, the particulate matter have been found 
to change the atmospheric compounds by fostering chemical reactions that would not 
otherwise occur. However, on a local scale, particulate matter have been linked with 
forming of the photochemical smog. People exposed to this kind of smog are at risk of 
encountering lung blockages and cancer since the inert carbon in the smog has the ability 
to attach unburned hydrocarbons to itself (Dutton, 2002). The sizes of these particulate 
matters determine the extremity of the health effect. While coarse particulate matter tend 
to remain in nasal passages, health studies indicate that ultrafine particulate matter tend to 
enter the respiratory systems thus linked with premature deaths, and lung and heart diseases 
(Webb et al., 2008). Studies have been conducted to examine association between 
particulate matte inhalation and death rates at several cities in the United States. The studies 
indicated a 1% increase of death per day associated with 10 microgram of PM10 per cubic 
meter concentration (Dockery & Pope, 1994). 
Primary particulate matter are those that are released from the source, while 
secondary particulate matter are those that are formed from either chemical reactions that 
occur in the atmosphere or other particulate matter nucleation. Examples of secondary 
particulate matter include sulfate salts particulate matter ((NH4)2SO4) that are formed 
when sulfur dioxide (SO2), produced during combustion of fuel containing sulfur, 
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combines with water to form sulfuric acid (H2SO4) which in turn reacts with gaseous 
ammonia; nitrate salts particulate matter formed when nitric acid (HNO3) vapor reacts with 
particulate matter in the atmosphere together with ammonia; and secondary organic aerosol 
particulate matter formed when gaseous volatile organic compounds undergo reactions in 
the atmosphere (Webb et al., 2008). 
The EPA works to regulate the level of particulate matter in the atmosphere with a 
goal to improve the public health. By working with states and local governments, the EPA 
has established annual and 24-hour national standards for the PM2.5 as 15 and 35 μg/m3 
respectively. The level of PM2.5 has decreased by 24% between 2001 and 2010 showing 
improvement in air quality (EPA, 2012). 
 
2.1.2 Aircraft Particulate Matter 
The particulate matter released from the Jet engines’ exhaust are mainly due to 
incomplete combustion of the fuel during engine operation (EPA, 1999). The emissions 
mostly consist of carbon (this being the major constituent), sulfates, and metals (Dutton, 
2002). Particulate matter consists of carbon soot that is formed during combustion with 
size depending on the engine type and thrust settings. With the introduction of new engine 
technology starting in the 1960s, soot mass emissions have decreased by a factor of 40 (Lee 
et al., 2009). The carbon soot particulate matter formed during aircraft operations is mostly 
due to fuel-rich mixtures in the combustor area or combustor’s pressure. One should 
therefore expect high levels of soot during takeoff and climb modes of aircraft’s operations 




Soot emissions released by aircraft are monitored through smoke number 
measurements. ICAO stores the soot emissions records for turbine Jet engines through a 
database established in the 1970s. However, since soot measurements do not directly 
explain the characteristics of the ultra-fine particulate matter emissions, several aircraft’ 
emissions studies such as Alternative Aviation Fuel Experiment (AAFEX) and Aircraft 
Particle Experiment (APEX) have been conducted to characterize the particulate matter 
emissions. Some of the characteristics that have been observed during the campaigns’ 
studies include the number-based emissions index (EIN) to be between 1014 and 1016 
particles per kilogram of fuel burned, mass-based emission index (EIM) to be between 0.01 
and 0.5 grams per kilogram of fuel burned, particulate matter to mainly be in spherical 
geometrical shapes, and particulate matter to mainly consist of elemental carbon during 
high power settings. Further emissions studies on different engines models will help to 
understand the variations of particulate matter emissions among engines of the same family, 
variations of non-volatile particulate matter characteristics based on engines’ power 
settings, and the amounts of the particulate matter emissions that might be reduced if 
alternative fuels were instead used (Webb et al., 2008). 
Volatile particulate matter include sulfur particulate matter, organic particulate 
matter, and gaseous ions particulate matter (Lee et al., 2009). The aircraft engines’ volatile 
particulate matter are formed from gaseous emissions that tend to cool after being released 
from the engines’ exhaust. The research campaigns on aircraft engines’ emissions indicate 
that non-volatile particulate matter depend on sulfur content of the fuel, and undergo 
evolution after being released from the engines’ exhaust. Since the EPA requires airports 
to assess the effects of both volatile and non-volatile particulate matter emissions, further 
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studies will increase the understanding of the thermodynamics and photochemistry of the 
volatile particulate matter and thus their evolution in atmosphere and their contributing 
health effects These studies may be useful in establishing forecast models for future 
environmental climatic impacts (Webb et al.; 2008). 
Climate studies indicate that the change in global average radiative forcing is 
linearly proportionally to the change in surface temperature thus assisting in describing the 
impacts of the air transport industry in quantitative form. Subsonic air transportation is said 
to affect the climate change since the emissions of sulfate particulate matter cause negative 
radiative forcing (cooling of the earth) while soot emission cause positive radiative forcing 
(warming). Also, supersonic air transportation is said to bring effects in the stratosphere in 
which soot emissions cause positive radiative forcing and sulfur particulate matter 
emissions result into negative radiative forcing.  (Lee et al.; 2009). 
Several airports authorities conducted emissions campaigns to evaluate the 
particulate matter deposition studies and determine whether those airports were responsible 
for the alerted growing emissions in the surrounding communities. Those airports included 
Los Angeles International Airport, T. F. Green Airport, Boston Logan International Airport, 
Charlotte/Douglas International Airport, Seattle-Tacoma International Airport, John 
Wayne-Orange County Airport, Ft. Lauderdale-Hollywood International Airport, and 
Chicago O’Hare International Airport. None of the studies in these airports indicated 
enough evidence to prove the relationship between the emissions released at airports and 
the emissions deposited at surrounding communities. However, the methodologies used in 
these studies were irrelevant based on the size range of aircraft particulate matter emissions 
(Webb et al.; 2008). 
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2.2 Aircraft Particulate Matter Emissions’ Studies 
This section gives a summarized literature review on the aircraft’ particulate matter 
emissions campaigns that have been conducted (both the ground and airborne tests). 
Although most of the campaigns’ studies have involved large Jet engines, the findings have 
shed light on the characteristics and evolution of the particulate matter emissions once they 
get released from the engines’ exhaust. Figures 3 and 4 show the representation of whole 
spectrum of engines that have been certified for gaseous emissions standards before being 
in the aircraft (ICAO Engine Emissions Databank [ICAO], 2014). Figure 3 shows the 
spectrum of all engines’ rated thrust spans between 0 lbs. and 120,000lbs., while Figure 4 
depicts the representation of engines with rated thrust of 6000lbs or less (ICAO, 2014). 
Both Figures 5 and 6 depict the void of data that may be existing since the studied engines 
may not represent the whole spectrum of aircraft engines. 
Figures 5 and 6 indicate that the rated thrust levels of the engines that have been 
tested and studied for PM emissions do not cover the whole thrust spectrum. This scenario 
creates a void of data for particulate matter emissions. More information of the aircraft and 
engines types that have been studied for PM emissions is provided in appendix A. Due to 
the limited availability of the PM emission results, the PM emission results that were used 
as a reference for this study were those that were obtained during the APEX and AAFEX 
research campaigns. Some information from other campaigns in appendix A do not contain 





1Figure 3. Thrust Representation of Turbine Engines Certified by EASA/ICAO for gaseous 
and smoke emissions (see Footnote 1).  
1  Adapted from “ICAO Engine Emissions Databank,” by International Civil Aviation 
Organization (ICAO), 2014, Document Library, European Aviation Safety Agency 



















Thrust Reprensetation of Current Certified Turbofan Engines
(Note: Each symbol represents up to 4 engine observations)
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2Figure 4. Thrust Representation of Turbine Engines with Rated Thrust less than 6000lbs. 
that have been certified by EASA/ICAO for gaseous and smoke emissions (see Footnote 
2). 
 
2 . Adapted from “ICAO Engine Emissions Databank,” by International Civil Aviation 
Organization (ICAO), 2014, Document Library, European Aviation Safety Agency 
(EASA). Copyright 2014 by the European Aviation Safety Agency. 
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Thrust Representation of Certified Engines with Rated Thrust less than 6000 lbs.
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3 Figure 5. Thrust Representation of Engines that have been used in PM emission 
Campaigns studies (see Footnote 3). 
3 Adapted from “Experiment to Characterize Aircraft Volatile Aerosol and Trace-Species 
Emissions (EXCAVATE),” by Anderson et al., 2005, NASA; “Alternative Aviation Fuel 
Experiment (AAFEX),” by Anderson et al., 2011, NASA; “Emission Measurements of the 
Concorde Supersonic Aircraft in the Lower Stratosphere,” by Fahey et al., 1995, Journal 
of Science, p270; “Airborne and Ground Based Jet Engine Aerosol Emissions Sampling 
During Two NASA Field Projects: SUCCESS and SNIFF,” by Hagen et al., 1997, Journal 
of Aerosol Science, Volume 28, p s67-s68; “Characterization of Emissions from 
Commercial Aircraft Engines during the Aircraft Particle Emissions eXperiment (APEX) 
1 to 3,” by Kinsey et al., 2009, Environmental Protection Agency (EPA); “Delta – Atlanta 
Hartsfield (UNA-UNA) Study,” by Lobo et al., 2008, Partnership for AiR Transportation 
Noise and Emissions Reduction, Massachusetts Institute of Technology; “Influence of Fuel 
Sulfur on the Composition of Aircraft Exhaust Plumes: The Experiments SULFUR 1 – 7,” 










Thrust Representation of Engines Used in PM Emissions Campaigns
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4Figure 6. Thrust Representation of Engines that have been used in PM Emissions studies. 
(See Footnote 4). 
 
2.2.1 Concorde Encounter Campaign 
The main goal of the project was to characterize the particulate matter emissions 
for the supersonic flights in the lower stratospheric region of the atmosphere. The emission 
studies included measuring nitrogen oxides (NOx) and particulate matter, studying the 
formation of nitric acid and sulfuric acid in the exhaust plume, and studying effects of 
particulate matter emissions for ozone loss estimations. The campaign was conducted on 
8th of October 1994 on the coast of New Zealand on a 320 kilometer section of a Concorde 
4 Adapted from “Characterization of Emissions from Commercial Aircraft Engines 
during the Aircraft Particle Emissions eXperiment (APEX) 1 to 3,” by Kinsey et al., 
2009, Environmental Protection Agency (EPA); “Influence of Fuel Sulfur on the 
Composition of Aircraft Exhaust Plumes: The Experiments SULFUR 1 – 7,” by 































































Turbine Engines with Rated Thrusts less than 10,000 lbs. Used for PM Emissions Testing
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aircraft flight path in which the aircraft flew at Mach 2 in a 10 minute duration. The 
particulate matter emissions were sampled using a NASA ER-2 aircraft which flew at 
different altitudes at the sampling area during three segments of time, each being about 30 
minutes long. Number-based emission indices were calculated using data from all the 
sampling flight segments (Fahey, et al.; 1995).  
2.2.2 SULFUR I – VII (1994 – 1999) 
The SULFUR projects were conducted between 1994 and 1999 with the aim of 
finding the properties of the particulate matter emissions and studying the formation of 
contrails from aircraft’ exhaust plumes with different levels of fuel sulfur in different 
atmospheric conditions. The distances from which the ten (10) flights exhaust plumes were 
examined ranged between 25 meters and 5 kilometers. Results indicated that non-volatile 
particulate matter emission indices were not dependent on the fuel sulfur content. 
Emissions varied based on the engine technology i.e. modern engines for Boeing B737, 
747, Airbus A310, A340, and DC10 had lower emissions compared to older engines for 
ATTAS (Advanced Technology Testing Aircraft System) and Boeing B707. Particulate 
matter number for volatile (about 2e7 particles per kilogram of burned fuel) was found to 
be 100 to 1000 times bigger than non-volatile particulate matter number. The fuel sulfur 
content was found to affect the concentration of volatile particulate matter and influence 
the non-volatile particulate matter to affect the formation of ice particulates (Schumann et 
al., 2002).  
2.2.3 SNIFF I - III & SUCCESS 
The SNIFF project aimed at characterizing particulate matter emissions by using a 
probe placed on on-wing engines’ exhaust planes. The aircraft whose engines’ exhaust 
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particulate matter emissions were sampled were Boeing 737 (with engine PW JT8D), 
Boeing 757 (with engine RB-211), and T-38. Further studies on the interaction of the 
engines’ exhaust plume flow with the field local air were also observed for the Boeing 737 
engines. All the tests for these engines were conducted at NASA Langley center. During 
the SUCCESS project, the exhaust particulate matter emissions from the Boeing 757 
engines were sampled while on flight by an instrumented NASA DC-8 aircraft. The goals 
of the project were to identify the significance of the particulate matter emissions in air 
traffic emission, and study the coating of the soot particulate matter with volatile material 
(in this case sulfur). Other goals were to determine the emissions indices for the engines’ 
exhaust plume, study the components of the particulate matter taking into the variations in 
ambient conditions, and investigate the role of particulate matter in formation of contrail. 
Results indicated that particulate matter emissions were a good indication for air traffic 
emissions, fuel sulfur content in fuel resulted into increase in both volatile and non-volatile 
particulate matter emissions, and variations in particulate matter concentrations based on 
engine type and thrust settings (Hagen et al., 1997). During the SUCCESS project, two 
samples were collected. One sample was collected when the aircraft was running on high 
sulfur fuel while the other sample was collected when the aircraft was running on low 
sulfur fuel (Hagen et al., 1998).  
2.2.4 POLINAT I&II (1994 – 1998) 
The POLINAT (Pollution from Aircraft Emissions IN the North Atlantic Flight 
Corridor) project comprised of scholars from research companies and universities from 
both Europe and the United States. The project was the continuation of the European 
AERONOX project that was conducted to investigate the Nitrogen oxide emission released 
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by the aircraft between 1992 and 1994. The POLINAT project I was conducted to study 
the release and evolution of the aircraft exhaust emissions along the North Corridor. The 
emissions sampling process was conducted about 200 km west of Ireland between altitudes 
of 9 and 12 km. Measurements were done using a Falcon Aircraft that was equipped with 
sampling equipment. For the first project, two (2) series of measurements each consisting 
of eight (8) flights were conducted in November 1994 and June/July 1995. The team 
measured both volatile and non-volatile condensation particles, particulate matter size 
spectrum, and the hydration properties of the particulate matter emissions (Schumann et 
al., 1997). 
The POLINAT project 2 was conducted between August and November of 1997 
with the goals of finding the contribution of aircraft exhaust emissions to the atmospheric 
composition between 9 and 13 km altitudes from sea level at the North Atlantic Corridor 
region. The project examined the flights between 40oN and 70oN using the instrumented 
aircraft (Falcon from DLR and commercial B747 from Swiss Air). The mass-based 
emission indices for sulfur dioxide (SO2) varied for wide-body aircraft between 0.2 and 
0.8 g kg-1. The average number-based emission index for particulate matter emissions was 
found to be 1016 particles per kilogram of fuel with most particles being volatile 
(supposedly from sulfuric acid particulates) (POLINAT-2, 2013; Schumann et al., 1997; 
Schuman et al.; 2000). 
 
2.2.5 Aircraft Particle Emissions Experiment (APEX I - III) 
The APEX projects I - III were conducted at the NASA’s Dryden Flight Research 
Center in 2004, Oakland International Airport in August 2005, and NASA’s Glenn 
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Research Center in November 2005 respectively (Kinsey, 2009; Wey et al., 2006). The 
projects were funded by NASA, EPA, and DOD to study the influence of sulfur and 
aromatics on primary and secondary particulate matter emissions, investigate the evolution 
of the particulate matter emissions in the plumes, analyze the methodologies for emissions 
sampling, and provide data for modeling the impacts of the particulate matter emissions to 
the environment. The engines involved were operated several thrust settings and used 
different types of fuels: standard Jet A or JP8, high sulfur fuel, and high aromatic fuel (Wey 
et al., 2006). Twenty four (24) tests were performed using several engines including 
CFM56 family of engines (used on NASA DC-8 and commercial Boeing 737), General 
Electric CJ610-8ATJ, Rolls Royce AE3007A1E and AE3007A1P, Pratt and Whitney 
PW4158, and Rolls Royce RB211-535E4-B. The primary thrust settings for each test were 
based on the Landing takeoff cycle (LTO) defined by the ICAO while secondary thrust 
settings were also added for data collection. The particulate matter number emission 
indices among engines correlated with the fuel flow rates with the exception of the CJ610-
8ATJ engine (i.e. related to engine thrust). The amount of sulfur in the fuel increased the 
amount of particulate matter emissions at the observed fuel flow rates (supposedly the high 
sulfur amount resulted into formation of particulates or sulfur coatings on non-volatile 
particulate matter (Kinsey, 2009).  
 
2.2.6 Un-named Airline – Un-named Airport Study (UNA-UNA) 
The research campaign was conducted at Atlanta/Hartsfield International Airport 
in 2004 by University of Missouri – Rolla, Aerodyne Research Inc., and the National 
Oceanic and Atmospheric Administration (NOAA). Two studies were conducted during 
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this campaign. The first study was conducted at the Delta Airlines Maintenance facility by 
observing the PM emissions of engines running at different operating conditions. Selected 
engines shown in Table 1 were used for the study. The second study was conducted by 
placing the research mobile laboratories along and at the end of the runways and sample 
the PM emissions plume released by aircraft engines while the aircraft were taxiing and/or 
departing the airport. The second study observed PM emissions plumes from about 289 
takeoffs of different aircraft types. The research campaign was anonymous until 2006 when 
both data and location of the study was disclosed. The aircraft (with their engines types) 
that were selected for the first study are shown in Table 1 below (Lobo et al, 208). During 
the whole campaign period, the EIN values for all the engines ranged from 316 to 317 
particles per kilogram of fuel. (Lobo et al., 2008). 
Table 1. Specific Engines Studies during UNA-UNA Study 
 
Note. Adapted from, “Delta – Atlanta Hartsfield (UNA-UNA) Study,” by Lobo et al., 
Partnership for AiR Transportation Noise and Emissions Reduction, Massachusetts 
Institute of Technology. Copyright 2008 by Partnership for AiR Transportation Noise and 
Emissions Reduction. 
  
Aircraft Number Airframe Engine Thrust (kN) Thrust (lbs.) 
908 MD-88 JT8D-219 93 20907 
918 MD-88 JT8D-219 93 20907 
134 B767-300 GE CF6-80A2 217 48784 
1816 B757-400ER GE CF6-80C2B8F 258 58000 
635 B757-200 PW 2037 166 37318 
640 B757-200 PW 2037 166 37318 
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2.2.7 Alternative Aviation Fuel Experiment I (AAFEX) 
The Alternative Aviation Fuel Experiment (AAFEX I) was conducted to evaluate 
the effects of alternative fuels on the engine performance and the particulate matter 
emissions released from the engine exhaust. The campaign was conducted to determine the 
impacts of alternative fuels on engine performance and exhaust composition. The study 
was conducted at NASA Dryden Flight Research Center at Palmdale, California in 2009 
using NASA’ aircraft DC-8 with CFM-56 engines and it was sponsored by NASA, FAA, 
and EPA. Other participating members included Air Force and several research universities. 
The effects of alternative fuels on engine’s compressor speeds, exhaust gas temperature, 
Auxiliary Power Unit (APU) emissions, and formation of volatile particulate matter 
emissions in the aging plume were also observed. Engines parameters recorded during the 
study included compressor and fan speeds, fuel flow, and exhaust gas temperature. The 
particulate matter parameters observed included smoke numbers, number density, size 
distribution total, non-volatile mass, black carbon morphology, composition and total mass 
volatile aerosol speciation and mass, and particle cloud-forming tendency. JP-8 Jet fuel 
was used as a baseline while Fischer Trospch fuels derived from both natural gas and coal 
were being tested. Additional blends of 50/50 for each alternative fuel with JP-8 fuel were 
also made. Sampling probes were placed 1m and also 30m from the engine exhaust place 
to examine the evolution of particulate matter emissions. The particulate matter number 
emissions indices for the JP-8 fuel ranged between 0.315 and 1.015 per kilogram with 
maximum count during ground idle and take-off thrusts and minimum counts at 30 to 45% 
of the total thrust. While using neat alternative fuels (FT1 (natural gas) or FT2 (coal)), the 
particulate matter emissions were significantly reduced with reduction factor of 200 at idle 
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and 35 at mid-power compared to JP-8 for FT1 and FT2 respectively. The ratio of emission 
indices of JP-8 fuel to those of the blended fuels for particulate matter number 
concentration ranged between 2 and 9showing maximum emission reduction at 45% of the 
total thrust (Anderson et al., 2011).  
2.3 Alternative Aviation Fuels Development 
This section will explain the development of alternative aviation fuels with 
emphasis on Camelina biofuels, production methods, and jet engines emissions tests that 
have been conducted using alternative fuels. 
 
2.3.1 Development of Alternative fuels 
Development of alternative aviation fuels is motivated by the need to secure 
aviation fuel for future years and reduce emissions impacts to environment and climate 
(SWAFEA, 2011). The worldwide passenger air traffic fuel consumption (liters per 100 
available seat kilometers) is projected to reach 3 liters in 2025 decreasing from 8 liters per 
passenger per 100 kilometers in 1985. The decrement in air traffic fuel consumption points 
to the fact that aircraft that are manufactured today are designed to lower fuel consumption 
by 15% efficiency compared to aircraft designed ten (10) years ago, and decrease emissions 
compared to past aircraft designs. However, the global aircraft fuel consumption is also 
projected to increase at an average annual rate of between 3.0% and 3.5% and the number 
of aircraft is projected to increase to about 47,500 (with 94% of these being new generation 
aircraft) when it reaches 2036 (ICAO, 2010).  
The expected lifespan of an aircraft from the purchasing to the retiring moment 
ranges between 20 to 35 years. Technological changes within the same aircraft family type 
 
33 
can happen within 3 to 5 years for single-aisle aircraft and for twin-aisle aircraft in shorter 
time. Also, the design and development of new aircraft takes about 10 years while the 
production may continue for about 20 to 30 years (Lee et al., 2001). According to the 
Boeing Current Market Outlook 2013 – 2032, only 85% of the commercial fleet will be 
new in the market i.e. the remaining 15% are those that were manufactured using the 
previous technologies. Therefore, the introduction of other technologies such as alternative 
fuels usage is essential in reducing the emissions related with Jet engines’ operations 
(ICAO, 2010).  
The American Society for Testing and Materials has established document D1655 
to define the specifications for commercial Jet fuel (D1655-13a – Standard Specifications 
for Aviation Turbine Fuels [ASTM], 2013). A similar document namely DEF STAN 91-
91 (Defense Standard 91-91 [UK Ministry of Defense], 2012) was established in the United 
Kingdom. These documents define the qualifications that Jet fuels should possess before 
being used in aircraft. Some of the qualifications’ categories include safe handling of fuel, 
storage suitability, and the capability of the fuel to be stable at extreme flying conditions 
i.e. temperature, pressure etc. (Novelli, 2011). The standard commercial jet fuel contains 
at most 25% of aromatics contents. The aromatic content causes the engine and aircraft 
seals to expand during engine operations thus preventing leaking of fuel. The alternative 
fuels do not have the aromatic content and for this reason, they have to be blended with the 
standard Jet fuels before being used in the Jet engine. Any type of fuel used in an aircraft 
needs to contain about 8% of the aromatic content (Blakey et al., 2011). The approval of 
alternative fuels blended with standard jet fuel has been achieved under the established 
standard namely ASTM D7566 which defines the allowed minimum percentages volumes 
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of standard Jet fuel which must be blended with alternative fuel before the mixture is used 
in an aircraft (D7566-14 - Standard Specifications for Aviation Turbine Fuel Containing 
Synthesized Hydrocarbons [ASTM], 2014). The current minimum ratio of blended fuel is 
50/50 i.e. the standard Jet fuel (Jet A, Jp-8 etc.) content must be at least 50% of the blended 
ratio (ASTM, 2014). The document also defines the qualifications of the drop-in alternative 
fuels which may be used in aircraft including performance and compositional 
characteristics (IATA, 2010; Novelli, 2011). 
Several agencies help to facilitate the development and usage of alternative aviation 
fuels. The US based Commercial Aviation Alternative Fuels Initiative (CAAFI) consists 
of four teams of stakeholders that evaluate alternative Jet fuels. The four areas of interest 
are fuel certification and qualification, research and development, environment, and 
business and economics of fuels. The agency is sponsored by the FAA office of 
Environment and Energy, Airports Council International of North America (ACI-NA), 
Aerospace Industries Association (AIA), and Air Transport Association (ATA) (FAA, 
2013). Some accomplishments achieved by CAAFI include establishment of D7566 
standard, initial agreements between airlines and alternative fuels suppliers (at least 15 
airlines), engagement of energy suppliers in fuels development meetings, integration of the 
Defense Logistics Agency (DLA) with airlines through ATA (Air Transport Association) 
into one market, and the agreement among ATA, Boeing, and USDA on speeding up the 
availability of commercial aviation biofuels (Report on Alternative Fuels [IATA], 2010). 
The European Union established a study namely Sustainable Way for Alternative 
Fuels and Energy in Aviation (SWAFEA) in 2009 to understand the possibility and effects 
of using alternative aviation fuels. The end goal of the study was to compare and analyze 
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different fuels and choose the most optimal fuel development solutions. The SWAFEA 
study was conducted under the French Aerospace Research Lab (ONERA), incorporating 
fuel producers such as Shell, and CONCAWE. The team also comprises of aircraft and 
engines manufacturers including Airbus, Rolls Royce, and SNECMA. Other members 
include Air France, IATA, University of Sheffield, German Aerospace Center, French 
research center for risk and security, and French Research Organization for Fuel and 
Energy (IATA, 2010). The SWAFEA study aimed at identifying other challenges (apart 
from certification needs) facing the development of alternative fuels and understanding 
how they may affect the aviation industry. Such challenges include extra fuels production 
pathways that would be potential for aviation fuel production. The study recommended 
further research on understanding the effects of fuel average properties’ changes due to 
blending of biofuels and standard Jet fuel. Although the blended fuels meet the certification 
limits, the changes in fuel properties may have long-term impacts on engine performance, 
maintenance, and cost ownership. In order for the aviation industry to achieve the goal of 
reducing the emissions by half when it reaches 2050, efficient biomass, aircraft 
technologies, and production technologies should be established. Tests performed during 
the study (blends of synthetic paraffinic kerosene with Jet A at 50/50) indicated significant 
reduction in soot and sulfur oxide emissions due to reduced aromatics and sulfur contents 
in alternative fuels. Reduction in soot and sulfur oxides emissions will reduce impacts of 
aviation on local air quality and contrails properties (which reduces contrails radiation in 
atmosphere) (Novelli, 2011). The United States military is partnering with Defense 
Logistics Agency (DLA Energy) to facilitate certification and supply of alternative aviation 
fuels. The two agencies aim at decreasing petroleum consumption, reducing greenhouse 
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gas emissions, and establishing large fuel supply that can meet consumption demands. The 
DLA also entered into an agreement with Air Transportation Association (ATA) to 
increase alternative fuels purchase capacity and set standard requirements for alternative 
fuels. Alternative fuels’ requirements include fuels’ compliance with fuel quality and 
performance that has been established, environmental assurance according to the Energy 
Independence and Security Act (EISA) of 2007 (Energy Independence and Security Act 
[US Government Printing Office], 2007), and economic feasibility and price competitive 
compared to standard Jet fuel. The US military and the DLA have established cooperative 
groups to oversee the production and distribution of aviation biofuels, facilitate financial 
ways for biofuels buyers (in this case military and civil aircraft owners) to afford the 
biofuels prices, and study both the current and future environmental impacts that may affect 
development of aviation biofuels (IATA, 2010). 
The Brazilian Alliance for Aviation Biofuels (ABRABA) was founded in 2010 to 
oversee the legal issues related with aviation biofuels certification in Brazil, encourage 
feedstock development programs, evaluate the technologies that could be used to process 
the biomass into biofuels, and ensure profitable returns for each step of the fuels 
development process. The alliance members include Algae Biotechnology, Amyris Brasil, 
Brazilian Association of Jatropha Growers (ABPRM), Aerospace Industries Association 
of Brazil (AIAB), Azul Linhas Aeres, and others (IATA, 2010). The Midwest Aviation 
Sustainable Biofuels Initiative (MASBI) alliance also has been working on facilitating the 
production of biofuels in the US Midwest region. The alliance consists of more than forty 
(40) organization including universities, airlines, and other energy companies. While about 
three (3) billion gallons of fuels are used by airlines per year in the Midwest region, the 
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cost of Jet fuel has tripled since 2000 and the fuel demand in the Midwest region is expected 
to increase by 9% when it reaches 2020. However, if the biofuels are used in the region, 
3600 new jobs will be made for every 5% of petroleum fuel replaced and about 700,000 
tons of carbon dioxide reduced per year. The MASBI report released the summer of 2013, 
namely Fueling a Sustainable Future for Aviation, recommended further improvement on 
biofuel feedstock through agriculture development, development of technologies to 
convert lignocellulosic biomass, finding ways to speed up the certification process, attract 
enough capital investment for biofuel production, and help biofuels early users to cope with 
the prices. Other recommendations include facilitating policy reforms that will encourage 
long term biofuel investments, and request for government subsidies and support similarly 
to the crude oil industry (MASBI, 2013). 
 
2.3.2 Camelina Feedstock 
The purpose of this section is to a give brief description of the origin and properties 
of the biofuel feedstock in which the biofuel used in this study was derived from. Although 
the properties of biofuel feedstock vary from each other, one important fact has to be 
considered and that is to ensure the cultivation of these biofuels does not compete with 
food crops in terms of land use. 
Camelina biofuel is derived from plant Camelina sativa of the brassiceae family 
also known as the false flax. The Camelina sativa plant was cultivated in Europe during 
the 20th century. The plant can be grown in both spring and winter (IATA, 2010). Camelina 
oil can be used in cooking as well as producing biofuels (Zubr, 1997). Studies indicate that 
northern Midwest regions in the USA where flax is grown are ideal for Camelina 
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production and the biodiesel value of Camelina is relatively equal to biodiesel made from 
other oilseed crops (McVay, 2008). The production cost of Camelina is lower compared to 
other oil crops such as rapeseed, corn, and soybean (Patil et al., 2009).  
While the cultivation of Camelina faded due to introduction of other crops, the plant 
has recently gained interests due to its ability to grow in different temperate regions and 
soil types. According to trials that have been conducted in Europe about the Camelina plant, 
the plant is said to deliver about 2500 to 3000 kilograms of seed per hectare containing 
seed oil content of about 35% to 40 %. Other benefits of Camelina plant include possible 
harvesting with standard equipment, natural resistance to number of diseases (including 
alternaria brassicae), and higher meal quality. The Camelina plant can be grown in 
marginal lands thus avoiding competition with food crops. However, since the Camelina 
seeds are very small, one has to be careful during seedbed activities. Also, there are no 
available herbicides for the plant leaving the farmers to rely on applying high rates of 
seeding and proper sowing times (IATA, 2010).  
 
2.4 Aviation Particulate Matter Emissions Indices (EIN) 
Particulate matter emission indices for turbine aircraft engines are applied to 
estimate the total emission that would be released during different flight stages. These 
emissions are divided into two sections i.e. the LTO section and the cruise section of flight. 
Aviation emissions species (hydrocarbons, carbon monoxide, nitrogen oxides, and smoke) 
released during the LTO cycle have been recorded for the past thirty (30) years. Recently, 
LTO PM Emissions have been derived using First Order Approximation (FOA) method. 
This method uses smoke emission data and engine operating parameters (thrust levels, fuel 
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flow rates etc.) to estimate the PM emission released during the LTO cycle. The FOA 
method is based on both airport and aircraft type specific information (EPA, 2012). 
Standards methods have been recently developed and included in the SAE International 
AIR6241 Report, (AIR6241: Procedure for the Continuous Sampling and Measurement of 
Non-Volatile Particle Emissions from Aircraft Turbine Engines [SAE E-31], 2013). 
Further tests are still on-going to measure the PM emissions while aircraft are in cruise 
mode (Bulzan, 2013). A general equation that is used to estimate the PM emissions (PM2.5 
stands for particulate matter emissions with size 2.5 micrometer or under) released during 
a flight mission is given as (EPA, 2012):  
        (1) 
Where: 
E = Emissions released 
A = Activity rate 
EF = Emission index 
ER = Overall emissions reduction efficiency (%) 
 
2.5 Summary 
Studies indicate that aircraft PM emissions can be volatile or non-volatile. Volatile 
PM Emissions are likely to react with compounds in the course of their evolution after they 
are released into the air; however, more studies may be needed to understand the evolution 
process of the emissions in the atmosphere. Non-volatile PM emissions vary in size ranging 
between 0nm and 10,000nm. Ultrafine PM emissions are likely to affect health of human 







have linked PM emissions exposure to premature mortality, and respiratory and 
cardiovascular diseases. Additional PM emissions measurements might be necessary since 
the smoke measurement do not fully address the details of PM emissions and the PM 
emissions studies that have been conducted so far do not cover the whole spectrum of 
aircraft engines. Despite of new aircraft technology, the development of alternative fuels 
production is underway to ensure affordability and security of aviation fuel in the future. 
Utilization of biofuel feedstock such Camelina plant is important due to the nature of the 
feedstock to grow on marginal lands. 
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CHAPTER 3. METHODOLODY AND DATA COLLECTION 
This chapter explains the methodology approach that was applied in collecting and 
analyzing the PM emissions data. The first section covers the regulations and 
recommendations that have been established by the Society of Automotive Engineers (SAE) 
E-31 Committee that oversees the aircraft emissions research. The second section explains 
the experimental design that was employed in the study. Fuels analysis and the design of 
the test matrices that were used in this study are also presented. The following section 
covers the data analysis of the study including the reduction and the calculations of the data 
that enabled to obtain the emission indices for the studied fuel types at selected engine 
thrust settings. The fourth section of the chapter explains the statistical analysis of the data 
that was conducted after the collection and analysis of the data. The last section of the 
chapter explains the experimental set up of the test cell. Descriptions of the individual 
equipment and steps taken during the running of the experiments are presented.
 
3.1 Aircraft Turbine Engine Particulate Matter Emissions Measurements Standards 
The Society of Automotive Engineers (SAE) through its E-31 Committee regulates 
the procedures which researchers should use while sampling emissions from the aircraft 
turbine exhausts. The Committee releases updated Aerospace Information Reports (AIR) 
based on the suggestions from the previous studies. These AIRs are used as standards 
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during emissions’ measurements. The AIRs explain how the system should be configured, 
which types of analyzers should be applied for sampling the emissions, and how the 
collected data should be analyzed. The set-up of the experiment at the NaTeF test cell 
facility was established in close agreement with the recommendations published by the 
AIR reports (AIR5892: Nonvolatile Exhaust Particle Measurement Techniques [SAE], 
2012; AIR6037: Aircraft Exhaust Nonvolatile Particle Matter Measurement Method 
Development [SAE], 2010; AIR6241: Procedure for the Continuous Sampling and 
Measurement of Non-Volatile Particle Emissions from Aircraft Turbine Engines [SAE], 
2013). Figures 30, 31, and 32 in Appendix B depict the experimental set-up that have been 
recommended by the AIR reports 5892B, 6037, and 6241 respectively (SAE, 2010; SAE 
2012; SAE 2013). 
3.2 Experimental Design 
The nature of the study involved a quantitative type of research with the aim of 
comparing the means of PM emissions indices for different types of fuels used in the same 
engine. The study had three factors which were the fuel types whose PM emissions were 
observed at selected engine thrust settings. The engine was the main experimental subject 
during the study. While fuels types were relatively the treatments used during the study, 
other parameters such as engine thrust settings were essential variables to the study. In 
order to observe the effects of each treatment on the specific engine performance 
characteristics, one has to sample and measure the PM emissions from the engine exhaust 
and use the data to calculate the emission released per kilogram of fuel. Therefore, two 
main quantitative variables were established i.e. engine power (or engine thrust level 
expressed as percent of rated engine thrust) and the PM emission number emission indices 
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(expressed as particles number per kilogram of fuel). The key independent variable in the 
study was the engine thrust level while the response variable was the emission index. 
The following sub-sections explain the analysis of the fuels that were used during 
this study and; procedures and designs of the test matrices that were established to obtain 
necessary data for the study. The test matrices section convers how order of the tests, 
number of engine runs, the samples that were collected, and the variation of the engine 
performance parameters during the engine runs. 
 
3.2.1 Fuel Analysis 
Prior to analyzing the data from the emissions sample, the researcher has to perform 
a fuel analysis to understand the composition formula of the fuel used in the turbine engine. 
The properties of the fuel used for engine testing has to adhere to the recommended ranges 
of properties from both the ASTM D1655 (D1655-13a – Standard Specifications for 
Aviation Turbine Fuel [ASTM], 2013) and ICAO Annex 16 Volume 2 (a methodology 
established by ICAO for Jet turbine engine emissions measurements). The ratio of 
hydrogen to carbon may also be determined using the fuel properties. The ratio of these 
two types of atoms will be useful in calculating the emissions indices for particle number 
concentrations. The properties of both Jet A fuel and Camelina biofuel that were used 
during the study (see Table 2) were within the range suggested by the ICAO methodology 
(ICAO, 2013). Additionally, the properties of the biofuel blends were gauged against the 
biofuels standard ASTM D7516 (D7566-14 - Standard Specifications for Aviation Turbine 
Fuel Containing Synthesized Hydrocarbons [ASTM], 2014) prior being used in the engine 
to ensure the fuel met all the required standards for aircraft biofuels. The fuel was donated 
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by the US Air Force for the purpose of Jet engine emissions testing at NaTeF facility. The 
Air Force Petroleum Agency (AFPET) conducted the fuel analysis. 
Table 2. Fuel Properties 
Note. Information for both Jet A and HRJ fuels were all provided by the Air Force Research 
Lab. Both sets of information were double checked against the properties listed in the 
ICAO Volume 16 Annex 2 to make sure the fuels properties were within the required range. 
Adapted from “AFPET Laboratory Report, Lab Report NO: 2012LA37100001,” by Air 
Force Petroleum Agency (AFPET), 2012; “AFPET Laboratory Report, Lab Report NO: 
2012LA40064001,” by Air Force Petroleum Agency (AFPET), 2012; “ICAO Annex 16: 
Environmental Protection Volume II – Aircraft Engine Emissions” by International Civil 
Aviation Organization, 2013, Office of Federal Register. 
 
3.2.2 Test Matrix 
The design of the test matrix focused into investigating the effects of the engine 
performance parameters on the Particulate matter emissions. The factors of the study were 
the fuel types (100% Jet A fuel, 75% Jet A – 25% Camelina biofuel blend, and 50% Jet A 
– 50% Camelina biofuel blend). These fuels were used on the engine on different days. For 
each fuel, four engine runs were conducted in the same day. Also, for each engine run, four 
engine thrust settings were selected for PM emissions observation. Independent variables 
for engine run were the engine thrust settings (in this case were the 10%, 30%, 85%, and 





Property Unit Value 
Density at 15C kg/m3 805 764 794.8 784.5 
Distillation - 10% C 164 163     
Distillation - final C 269 280     
Net heat of combustion MJ/kg 43.00 43.79 43.19 43.41 
Aromatics, volume % 21 0 15.75 10.5 
Naphthalene, volume % 1.2 0 0.9 0.6 
Smoke point mm 20 50     
Hydrogen, mass % 13.8 15.3 14.18 14.55 
Sulfur, max % 0.002 0.001 0.0018 0.0015 
Kinematic viscosity, -
20C mm^2/s 3.8 6.1     
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100% Rated thrust settings) while the response variables were the emissions indices 
calculated based on the emissions sampled at those selected engine thrust settings. Three 
preliminary tests were conducted to determine whether the emissions sampling and 
analyzing system was operational and to determine any abnormality in the system such as 
flow leakage, backflow in the sampling probe, or any inconsistency in the data acquisition 
system. Despite the faults detected that were detected during the preliminary engine runs, 
the data was collected and analyzed as a preparatory step for the final engine run. All the 
preliminary engine tests were conducted using traditional Jet fuel (in this case, Jet A). The 
preliminary engine runs were conducted on March 25th and March 27th of 2014 respectively 
as shown in Table 13 in appendix D. During these two tests, the engine was operated at 
percent rated thrust levels of 100%, 70%, 30%, and 10%. The third engine run was 
conducted on April 1st in which the engine was operated at percent rated thrust levels of 
100%, 91%, 77%, 67%, 55%, 36%, 18%, and 8%. Several problems were identified 
(including leaking, analyzing equipment set-up, and dilution factors problem) during the 
preliminary engine runs thus helping to correct the experimental set-up. During the 
preliminary engine runs, the test matrix was performed starting with the highest percent 
rated thrust descending to the lowest percent rated thrust indicated on the test matrix. The 
test matrix for preliminary runs is shown in in appendix D.  
Following preliminary engine tests, experimental engine tests were conducted to 
collect data for the study. Three different types of fuels were used for this study (regular 
Jet A and the two blends of Camelina/Jet A biofuel. For each type of fuel used, four engine 
runs were conducted in a single day based on the weather and wind direction. Thus, for all 
the fuels tested, twelve engine runs in total were conducted during the course of this study. 
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Figure 7 shows the structure of the experimental design for this study. The 75% Jet A/25% 
Camelina biofuel blend was tested on April 17th 2014, the 50% Jet A/50% Camelina biofuel 
blend was tested on April 25th 2014, and the 100% Jet A fuel was tested on April 29th 2014 
shown in Tables 14, 16 and 17 of appendix D. 
The order of the engine thrust settings was randomized to ensure that the order of 
the engine thrust settings did not affect the results of the study. Although the TFE-109 
turbofan engine is registered with maximum rated thrust of 1330 lbs. at sea level, the 
maximum thrust level that has been obtained by researchers at NaTeF facility is about 1100 
lbs. For the purpose of consistency and accounting for the change in altitude from mean 
sea level, the thrust level of 1100 lbs. was taken as the 100% of the rated thrust. The engine 
tests were not conducted when the wind was blowing from either south or east since that 
would cause the exhaust flow from the test cell to come back into the test cell air flow 
entrance thus disrupting the experiment. During each engine, run consisted of 3 minutes of 
engine warm-up at the beginning of the experiment for the engine to warm up before 
operating the engine through the test cycle. At the end of the test cycle, the engine was 
operated at idle again for about 3 minutes before shutting it down with the exception of run 
4 during 50%Jet A/50%-Camelina blend engine test in which further take-off measurement 
were recorded. These procedures were conducted to ensure proper performance of the 
engine before and after the test. For each engine power setting in each run, the engine was 
ran for relatively three minutes. Since the sampling line from the sampling probe to the 
emissions analyzers is relatively small (about 6 meters) the time for the sample to reach 
the analyzer was relatively short. 
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3.3 Data Analysis 
The data analysis of the study involved data reduction, preparation of Excel 
spreadsheets for calculations, calculation of PM emission indices, determination of PM 
size distribution, and observing the relationships among different engine parameters in 
relation with PM emission generation. The main steps involved during this portion of the 
study are detailed below: 
3.3.1 Data Reduction and Processing 
Both the carbon dioxide concentrations and PM emissions data were saved in the 
Data Acquisition computer located at the test cell facility. The Aerosol Instrument 
Analyzer software has several options to export the sampled emission data. For this study, 
only the PM number concentrations and carbon dioxide concentrations data were exported 
for further analysis. Data obtained from Aerosol Instrument Analyzer were exported in 
form of text files while data from NOW software (which collects carbon dioxide 
concentrations) was exported in form of an Excel spreadsheet. PM emission data was 
exported in terms of PM number concentrations against PM size while the carbon dioxide 
concentrations was given against time.  
Data processing included several steps which are outlined below: 
1. Determine the average carbon dioxide concentration for each selected engine thrust 
setting in each engine run. This step was conducted in several sub-steps 
a. Plot a graph of carbon dioxide concentration against time and determining the times 
which the carbon dioxide concentration was steady at each engine thrust setting 
b. Calculate the average carbon dioxide concentration (after obtaining steady flow of 
exhaust as referred in previous step) for each engine thrust setting per engine run 
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per engine test (based on particular fuel) 
c. Convert the carbon dioxide data from percentage to ppm units 
2. Determine the average background measurement prior the engine runs and also during 
the engine runs and record those average values against respective engine runs tables. 
The samples that were used to correct for background particles measurement are those 
which were collected prior and after the engine runs. 
3. Determine the actual PM sample after correction with both initial and after background 
particle measurement. 
4. Based on data processed on previous steps and other information (meteorological and 
fuel), the emission index was calculated for each size based on the concentration 
obtained at that particular size level. 
5. The average and median values for the emission index for each engine run for each 
engine test (based on fuel type) were determined using the Excel and Minitab software. 
The mean was calculated by totaling all the emission indices per engine run and 
averaging them over the number of size channels given by the SMPS data software.  
The median values were obtained also using the statistical software. 
6. Calculate the mean and median values of the actual particulate matter emission 
concentrations for each engine thrust settings (whose individual data were collected 
during the individual engine runs for each fuel type). These data were used to determine 
the relationship between the concentration of PM emissions and the size distribution. 
3.3.2 Calculation of Total PM Number Emission Indices 
The calculation of the emission indices had to be corrected for background 
measurements that were taken prior to engine runs. Equations to calculate the PM emission 
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indices were applied into the spreadsheets to calculate the PM emissions indices for each 
particular PM size in each engine power setting for each engine run. The average emission 
index for a particular engine power setting was calculated by summing up the emission 
indices of all the PM sizes covered in the time duration of that particular engine power 
setting. 
The emission index for the number concentration of sampled particles is calculated 
using equation (2) (AIR6037: Aircraft Exhaust Nonvolatile Particle Matter Measurement 




EIN – particle number emission index 
[CO2] – Mole fraction concentration of carbon dioxide in the engine exhaust 
– atomic hydrogen-carbon ratio of the fuel 
PMN – particle number concentration in the exhaust mixture 
Tsample – temperature related to particle concentration 
Psample – pressure related to particle concentration 
 
3.3.3 PM Size Distribution 
The size range of PM emissions that was covered by the SMPS system depended 
on the settings of the classifier set before the experiment. These settings were applied 
through a software (Aerosol Instrument Analyzer) installed in the data acquisition system. 
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of the classifier, the size of the impactor orifice used in the classifier, the type of 
Differential Mobility Analyzer (DMA) used in the SMPS system, and the amount of the 
aerosol flow through the classifier. During the preliminary engine runs, the settings that 
were applied on the classifier allowed for a size range of 10 to 600 nm. During the fourth 
engine run, modifications on the classifier settings were made based on preliminary runs 
observations. The size range of the PM size during the fourth run was between 5nm and 
300nm since that is the range in which the PM emissions size distribution was located. The 
summary of the Aerosol Instrument Analyzer parameters that were being monitored for 
proper size ranges are shown in Table 3. The sheath flow and Aerosol flow rates would 
determine what voltage range the classifier would apply into the (DMA) and therefore the 
size range of the PM emissions that would be covered. Additionally, the size of the 
Impactor applied would also affect the maximum size of PM emissions that would be 
allowed to go through the classifier and hence into the DMA for size measurement. 
Table 3. Aerosol Instrument Software Set-Up to Achieve the Study PM Size Range 
Note. Adapted from, “Model 3936 Scanning Mobility Particle Analyzer Sizer (SMPS) 
Spectrometer: Operation and Service Manual” by Trust Science Innovation (TSI), 2010. 







Jet A Fuel 75-25 Blended Fuel 50-50 Blended Fuel 
Sheath Flow (Liter/min) 10 10 10 
Aerosol Flow (Liter/min) 1.5 1.5 1.5 
Impactor Orifice Size (cm) 0.071 0.071 0.071 
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3.3.4 Plots and Explanation 
The study mainly focused on comparing the PM emission indices among the three 
types of fuels used on the engine at selected engine power settings. Additionally, PM size 
distributions were studied for each fuel type at selected engine thrust settings. The purpose 
of the plots was to determine the median and mean geometric mean sizes of the PM 
emissions. Logarithmic relationships were drawn from the emission indices plots to 
determine how the emission indices were related to the engine thrust settings. The plots 
were: 
 Percent rated thrust vs. emissions indices 
 PM emissions number concentrations vs. PM emissions sizes 
3.4 Statistical Analysis 
The emission index was calculated after obtaining the sampled emission data and 
having performed the necessary calculations. In each engine power setting for each fuel 
treatment, there were four (4) replicates as shown in test matrices in appendix F. the 
emission index for each replica was obtained by averaging the emissions indices of the size 
channels populated by the Aerosol Instrument Manager program. The results of the study 
were represented in graphical format in appendix F. 
Other descriptive statistics information (the maximum, minimum, inter-quartile, 
median, standard deviations values) were calculated from obtained from the data and 
analyzed. Additional observations included examining the correlation models between fuel 
flow rate and the engine power setting. Engine power setting was the independent variable 
while the fuel flow rate was the dependent variable since for this study there was possibility 
of running the engine at constant fuel flow rate  
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The main research question of this study was whether the emission released from 
this type of turbine engine exhaust using biofuel blends would be lower compared to the 
emission released when the engine is running using traditional Jet fuel (in this case Jet A). 
The results obtained from this study may be used as a baseline for future research (with 
similar types of engines) to further understand the dynamics of particular matter emissions 
as function of engine performance parameters such as fuel type and engine power settings. 
Therefore, the population referred to this study not only includes TFE-109 engines but 
other turbine engines (manufactured with similar performance characteristics) within the 
same rated thrust class (1100 lbs. to about 1500 lbs.). 
Statistical analysis to determine whether the PM emission indices for the biofuel 
blends were statistically significant lower compared to the PM emission indices of the 
traditional Jet fuel at selected engine power settings was performed in two main steps. The 
first step was to determine whether there was significant interaction between the fuel types 
and engine power settings. This step was performed using a two-way Analysis of Variance 
Method (ANOVA). The two factors analyzed were fuel types and engine power settings. 
This two-way ANOVA method was crucial to ensure that the two factors do not statistically 
significantly interact with each other. During the second step, a one-way ANOVA was 
conducted for each engine power setting that was used during the study to determine if the 
PM emission indices for biofuel blends were statistically significant lower compared to the 
emission indices for traditional Jet fuel. The statistical significance level of 0.05 was used 
which means that the study assumed a 95% probability of not rejecting the hypothesis that 
the PM emission indices  of the biofuel blends are equal to the PM emission indices of the 
traditional Jet fuel used in the TFE-109 turbofan engine. The average values of both PM 
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number density and PM emission indices were analyzed with a 95% confidence interval 
meaning a 95% probability of having the true mean value in that estimated interval.  
 
3.5 Experimental Set Up 
The test cell that was used to collect the emissions for the turbofan engine TFE-109 
is located at Niswonger Aviation Building at Purdue University. The researchers from the 
Air Transport Institute for Environmental Sustainability (AirTIES) operate the test cell for 
the purpose of advancing a sustainable path for biofuel usage in the aviation industry 
(AirTIES, 2013). The current particulate matter emissions measuring schematic is shown 
in Figure 8. 
 
 
Figure 8. Schematic Diagram of the Test Cell for the Particulate Matter Emissions Measurements. 55 
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The test cell for F109 is positioned in a room with atmospheric air intake that flows 
directly into the engine’s intake and also the room consists of exhaust duct that allows the 
exhaust from the engine to leave the room. The configuration of the test cell room is shown 
in Figure 9 depicting the flow of air in the test cell. 
As Table 4 depicts, the experimental system mainly consists of the engine as the 
emissions source, the sampling probe, the analyzers (in this case, the Scanning Mobility 
Particle Size system and the carbon dioxide analyzer), and the Data acquisition system. 
The Differential Mobility Analyzer (DMA) and Electrostatic Classifier were used to 
sample and characterize the PM emissions while the Condensation Particle Counter (CPC) 
was used to count the PM emissions. The Computer was used for data acquisition purposes. 
Figures 10 depicts the engine test cell room. The data acquisition room was also equipped 
with video monitoring system for the researchers to monitor any abnormality such as 
unexpected fire or leaking during engine operation. 
Table 4. Equipment List for the Study  
Note. Adapted from “Model 3936 Scanning Mobility Particle Analyzer Sizer (SMPS) 
Spectrometer: Operation and Service Manual” by Trust Science Innovation (TSI), 2010; "Tecra 
A11-S3540 Detailed Product Specification" by TOSHIBA, 2009, TOSHIBA Support. 
 
Equipment Model Manufacturer 
Condensation Particle Counter TSI CPC 3776 TSI 
Differential Mobility Analyzer (DMA) TSI DMA 3080 TSI 
Electrostatic Classifier TSI  TSI 
Computer Tecra A11-S3540 Toshiba 
Impactor 0.07cm Nozzle Impactor TSI 
  
 




Figure 10. F109 Turbofan Engine Test Cell at Aviation Department, Purdue University. 
 
3.5.1 F109 High Bypass Turbofan Engine 
Allied-Signal Aerospace Company designed and manufactured the TFE-109-GA-
100 turbofan engine during the early 1980’s solely for the United States Air Force’s T-46 
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training aircraft. The engine is flat rated at 1330 lbs. at sea level static maximum power 
conditions. It consists of two-stage centrifugal compressor without a variable geometry and 
a two-stage axial flow turbine (Krieger et al., 1987). The engine has a bypass ratio of 5:1 
and maximum mass air flow of 3850 lbm/min. The fan (NL) and compressor (NH) speeds 
are 17,200 rpm and 45,300 rpm respectively (Kozak, 2000). The engine was designed with 
high reliability, high ergonomic, electronic fuel and control unit, advanced compression 
system, and low turbine inlet temperatures. The engine was also designed to register 
maximum thrust specific fuel consumption of about 0.4 lbs. /lbs.-hr. (Krieger, et al., 1987). 
The engine is mounted on a metallic frame (see Figures 10 and 11). Electrical 
systems are set up underneath the engine and connected to the analyzers’ room. The 
thermocouples shown in yellow wires are also placed in different sections of the engine to 
measure the temperatures at those stations. The thermocouples are connected to the 
computer to relay temperature information of the engine. LabVIEW software is used as an 
interface to interpret the signals sent by the thermocouples. As Figure 11 depicts, the front 
of the engine test cell is supported by the metal chain which is fixed on the roof of the room 
while the rear section is supported by the metal frame. A metal filter has been attached at 
the engine intake section to prevent unwanted materials from the air intake to enter into the 
engine and cause damage. Also, a bell-shaped cowling has been added at the engine inlet 
to improve the aerodynamics of the incoming air. 
The engine is operated through a panel located at the NaTeF control room. The 
NaTeF personnel in charge of the unit can adjust the required parameters (such as thrust, 
fuel flow pump and switch, power switch, and others) for the engine to operate at desired 




Figure 11. F109 Engine Test Cell Room. 
 
3.5.2 Sampling Probe and Line 
The sampling probe was designed according to AIR6037 requirements (AIR6037, 
2010). The probe was designed to allow an injection of the diluent gas no more than 2 
inches from the probe inlet tip. The purpose of dilution is to prevent coagulation of 
particulate matter along the sampling line. Another requirement taken into consideration 
during the design of the probe was at least 80% of the pressure drop should be between the 
inlet of the probe and the outlet of the probe (SAE-31, 2010). Figure 12 shows the 2D 
drawing of the probe with the dimensions and the flows directions while Figure 13 shows 
the manufactured probe. The dilution ratio between the raw sample and the diluent gas was 
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set to at least 10 to 1 i.e. the ratio of the injecting area of the orifice for the diluent gas (in 
this case Nitrogen gas) to the inlet area of the probe tip was 10. As shown in Figures 12, 
the outer diameter of the diluent gas at the probe was made to be 5/8 inch outside diameter 
to adapt to standard tubing materials. The diluted sample outlet was designed to have an 
internal diameter of 0.305 inch to accommodate a 3/8 inch Swagelok fitting tube. The probe 
inlet was designed to have an inlet diameter of 0.04 inch. This inlet extended inward for 
0.25 inch and the flow path was expanded to the 0.305 inches path to slow down the sample 
flow. Calculations were also done during the design to ensure the flow would not be 
turbulent. Turbulence flow may result into improper mixing of diluent gas and raw sampled 
particulate emissions which may result into inaccurate results. By taking into account the 
pressure and temperature conditions at the plane of the engine’s core exhaust, the Reynolds 
number was calculated and found to be 2993 indicating that the flow will be laminar. The 
probe was designed assuming the exhaust sampled flow from the engine core exhaust was 
steady, inviscid, incompressible i.e. and it did not move at speed beyond Mach 1. The probe 
system was also assumed to be adiabatic i.e. no heat was taken in or out of the system. The 
calculations for the design of the probe are included in appendix H. 
The diluted sample was channeled into an insulated sampling line of 3/8 inch 
outside diameter metal tubing. The sampling line was insulated to prevent loss or gain of 
heat for the sample along the line. The sampling line was connected to the Impactor inlet 
at the front of the Electrostatic Classifier using Swagelok fittings as shown in Figures 14 
and 15. The concentration of carbon dioxide in the undiluted sample was measured by the 




Figure 12. Sampling Probe Concept. Dimensions are given in inches. 
Figure 13. Sampling Probe for PM Emission sampling.  
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3.5.3 Scanning Mobility Particle Sizer System 
The particulate matter analyzer also known as the Scanning Mobility Particle Sizer 
(SMPS) consists of the Electrostatic Classifier, the differential mobility analyzer, and the 
condensation particle counter. The particulate matter emissions enter the SMPS system 
through the classifier and get discharged at the Condensation Particle counter (see Figure 
15). 
Figure 14. The flow of sampled PM emissions in the SMPS measurement system 
The Electrostatic Classifier consists of the Bi-polar charger and the Impactor. The 
sampled particulate matter emissions enter through the Impactor which removes particles 
larger than a defined size for the Differential Mobility Analyzer (DMA). The purpose of 
removing these larger particles is to prevent nucleation of particulate matter during 
measurement. The Impactor consists of a nozzle passage which is directed towards a flat 
surface thus forcing the particles to make 90 degrees turn to enter the SMPS. Smaller 
particles will make a turn and enter the inner chamber of Impactor for separation. The 
smaller particles then enter the bi-polar charger where they are exposed to highly 
concentrated charged ions with two charges (bipolar) thus inducing bipolar charge to the 
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particles due to collisions. The charged particles enter the DMA for size distribution. The 
DMA employs the electrical principle of mobility in which particles of defined size range 
will be sorted and allowed to enter the condensation particle counter (CPC). 
The CPC will count the incoming particles and send the signals to the computer or 
recoding SD media card for data analysis. To ensure reliable results, the SMPS has to be 
calibrated. The SMPS would be calibrated as a single unit and also individual components 
(in this case condensation nuclei counter (CPC) and electrostatic classifier would be 
calibrated as recommended by the manufacturer (TSI, 2013). 
 




3.5.4 Data Acquisition System 
The size distributions and particulate number concentration measurements by the 
SMPS system are either sent to the computer shown in or stored on the SD media card 
inserted in the CPC for recording and analysis. During the engine testing experiment the 
data was sent to the PC shown in Figure 16 for data collection. The test cell PC (Figure 16) 
was installed with both Aerosol Instrument Analyzer software and NOW software which 
are used to collect the PM number concentrations and carbon dioxide concentrations 
respectively. The PC user has capability to automatically control both the CPC and 
Electrostatic classifier (which in turn controls the DMA) from the computer station by 
using the Aerosol Analyzer software. The data collected during experimentation is then 
exported as a spreadsheet for further analysis.  
 
Figure 16. Data Acquisition System Station. 
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3.5.5 Experimental Procedures 
The sequence of steps taken during the emissions sampling process is detailed 
below. The steps were observed based on the SAE emission sampling recommendations.  
1. The emissions analyzers’ routines were conducted before the engine run as mentioned 
in the AIR 6037 report. These analyzer included the electrostatic classifier, 
condensation particle counter, and 5-gas analyzer. Detailed steps are explained in 
appendix C. 
2. Once the analyzers were established to be working correctly, new files would be 
opened in the computer unit to record the baseline measurement from the ambient air. 
These data would be used to determine the actual particles produced by the engine 
exhaust emissions.  
3. The engine check list would be reviewed by NaTeF personnel to ensure the engine 
would run and all the safety details were covered. 
4. The engine would be switched and left to warm up for about 3 minutes and also to 
ensure the sampling system and data acquisition system were working as required.  
5. The NaTeF personnel would operate the engine at desired thrust levels (as stated in the 
test matrix) starting with the highest thrust level to the lowest. At each thrust level, the 
engine was operated for about 2 minutes. After all the thrust levels data were collected, 
the NaTeF personnel would run the engine at full power twice within 3 to 5 minutes 





This study involved analysis of PM emissions for three types of fuels at four 
selected engine thrust settings thus a three factors statistical study. Independent variable in 
the study was the engine thrust settings and the response variable was the emission index. 
For each fuel, four engine runs were performed on the same day for data collection. The 
order of the engine thrust settings for the engine runs were randomized to ensure that the 
order did not affect the results. The Air Force Research Laboratory provided both fuels and 
their analysis. Data reduction and processing was performed using Excel spreadsheet while 
statistical analysis was performed using the Minitab software. The statistical analysis to 
determine whether the emissions indices of the biofuel blends at selected engine thrust 
settings were lower compared to those of the traditional Jet fuel was performed using both 
two-way ANOVA and one-way ANOVA methods. The hypothesis questions were 
analyzed with a significance level of 0.05 while the means of the concentrations and 
emissions indices were analyzed with a 95% confidence level. The engine runs were 





CHAPTER 4. RESULTS AND FINDINGS 
This chapter covers the results obtained during data analysis process. The first 
section explains the calculations involved during the data reduction and analysis. Based on 
the data analysis, the section also describes the Particulate Matter (PM) emissions size 
distributions for each of the three fuel types at each of the four engine thrust settings. The 
second section explains the results for the emission indices obtained after data analysis for 
each fuel type at selected engine thrust settings. Statistical analysis of the data is discussed 
for the size distributions and analysis of the PM emission indices (EIN).
 
4.1 Data Analysis and Calculations 
The data reduction process involved sorting the PM concentration data for each fuel 
at particular engine thrust settings for each engine run. To account for the actual PM 
emissions generated in the engine mainly due to the combustion activity, the concentrations 
data obtained from the PM emissions analyzer equipment were corrected with initial and 
later background measurement. The initial background measurement data was collected 
before the start of the engine run while the later background measurement data was 
collected after the engine run also shown in appendix E. The data indicated steady PM 
measurement during background measurement; however, the data collected after the 
engine runs indicated higher level of PM. One should also notice that the level of PM 
  
69 
activity during the beginning of engine runs 3 and 4 for biofuel blends was comparably 
higher compared to the PM levels during engine runs 1 and 2. The reason behind the 
observations is that the engine runs 3 and 4 (for both biofuel blends) were conducted during 
the afternoon times. The rise in temperature, higher activity levels, and initial engine runs 
might have contributed to higher levels of ambient PM levels. The engine runs for Jet A 
were all conducted in one setting as shown in the test matrices in appendix D. Two sets of 
PM actual concentrations were generated for each engine run at each engine thrust setting 
as shown in appendix F. The first set was the PM emissions concentrations corrected with 
initial background measurement while the second set consisted of PM emissions 
concentrations data was corrected using the later background measurement data. One 
should notice that the background measurement samples for each engine runs are enlisted 
above the concentrations. The emission indices (EIN) values were calculated using 
equation (1). The alpha value for Jet A fuel was obtained from the specifications sheet 
provided by the Air Force Research Lab. The alpha values for the Camelina biofuel blends 
were calculated based on the specification details provided by the Air Force Research Lab. 
The mass values for the carbon and hydrogen atoms were obtained from the fuel analysis 
report provided by the Air Force Petroleum Agency (AFPA). Based on the experimental 
capability set-up, the SPMS system was set-up to measure PM concentrations on a size 
range of 7.37nm to 289nm. The selection for the size range is dependent on the sheath flow 
within the classifier and the aerosol (PM sample) flow within the SMPS system. These two 
parameters are set-up based on the flow and pressure limits in the sampling line. The 
equipment had 102 channels of sizes to measure PM number concentrations. The 
meteorological information (in this case temperature and pressure) were recorded for each 




The carbon dioxide concentration data was collected using a CAI Five-Gas 
Analyzer. The average concentration of carbon dioxide in each observed engine thrust 
setting was calculated and used for calculation of emission indices. The average carbon 
dioxide concentration data for each observed engine thrust setting for engine run are shown 
in appendix G. One should notice that the step-wise change on carbon dioxide 
concentrations varied with the change in engine thrust settings. The higher the thrust 
applied in the engine, the higher the amount of carbon dioxide concentration also shown in 
in Table 21 and Figures 70 to 72 all in appendix G. The emission indices values were 
corrected to ensure the values were all non-negative i.e. size channels whose concentrations 
values (after background correction) were below zero were all assigned a values of zero (0) 
particles per kilogram of fuel. 
 
4.2 Statistical Analysis and EIN Values Comparison 
Each engine thrust setting that was selected data observation (in this case 110lbs., 
330lbs., 935lbs., and 1100lbs.) had four (4) entry samples of data. An average PM number 
concentration was calculated for each size channel. The average PM number concentration 
was calculated using the four samples at particular engine thrust setting for each three types 
of fuels. The lower and upper bounds for the confidence interval of the mean were also 
calculated as shown using a 95% confidence level i.e. the confidence interval would 
include the mean values of the PM concentration values 95 times out of hundred chances. 
The average values of PM number concentrations were useful in determining the 
relationship between the size distribution and concentration. As shown in Figures 17 to 21, 
the average values of PM number concentration at particular engine thrust settings over the 
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observed size range were relatively uni-modal with the exception of 100% rated thrust 
engine setting in which bi-modal tendencies were observed.  
 
Figure 17. Average PM Emissions Concentration Distributions for the three types of fuels 
against size at 10% Engine Rated Thrust. 
 
Figure 18. Average PM Emissions Concentration Distributions for the three types of fuels 
against size at 30% Engine Rated Thrust. 
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Figure 19. Average PM Emissions Concentration Distributions for the three types of fuels 
against size at 85% Engine Rated Thrust. 
One should notice the inconsistency of the PM number concentration against size 
for the 75/25 biofuel blend in Figure 19. This might have been caused by the robustness of 
the statistical measure used (in this case the mean) or some lurking variable to be identified. 
The same plot was made using the median values instead of average values and the results 
are shown in Figure 20. The median values of the concentration in Figure 20 suggest that 
the median was more robust and thus the variation of PM number concentrations did not 
affect the expected the size distribution (uni-modal shape).
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Figure 20. Average PM Emissions Concentration Distributions for the three types of fuels 
against size at 85% Engine Rated Thrust. 
Figure 21. Average PM Emissions Concentration Distributions for the three types of fuels 
against size at 100% Engine Rated Thrust. 
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For each engine thrust setting during each engine run, an average emission index 
was calculated based on the 102 size channels. The raw results are shown in appendix F. 
The lower and upper bounds of the average values were calculated with 95% confidence 
level. The emission indices for PM emission among size channels varied between 1013 and 
1017 particles/kilogram of fuel also shown in appendix F. 
The study; however, focused on the average values of total PM number emission 
indices from each engine setting during each engine run for each fuel type. The average 
EIN values are shown appendix F. The results in the appendix F are presented in two sets 
of data which are the initial and later background corrected measurement. The average 
emission indices of the engine thrust settings for each fuel type were between 1014 and 1016 
particle per kilogram of fuel. Figures 22 depicts the distributions of the average emissions 
indices for each of the tree fuels at each of the four engine thrust settings. The distributions 
shown on Figure 22 indicate abnormality among the three types of fuels at 85%Rated thrust 
engine setting. One of the reasons would be the lurking variables in the study. Another 
factor that might contribute to the inconsistency of the distributions would the fact that 
these data accounted for total PM emissions generated from the engine exhaust. The 
variations of volatile PM emissions (ability to undergo chemical reactions and form other 
compounds) might have contributed to the observed PM emissions distributions. Unsteady 
flow of PM emissions at higher engine thrust settings might have resulted into observed 
distributions. The turbulent flow of exhaust flow from the engine require longer sampling 
times which was not met during this study. One of the limitations in these studies is the 




Figure 22. Average EIN Comparison Boxplots for the three fuels observed during the study 
at four engine thrust settings.  
 
To ensure the consistency and accuracy of the data, a paired t-test was performed 
for the average emission indices values for both sets (initial and later background corrected 
measurement). A statistical paired t-test analyzed each pair of data (at each engine thrust 
setting for each engine run for each fuel type) to determine whether the mean values were 
statistically significantly different. A confidence level of 0.05 was used i.e. there was a 95% 
chance of not rejecting the fact that the mean values of two sets of data were equal. The 
data sets for the engine thrust settings at 10%, 30%, and 85% rated thrust during the Jet A 
runs indicated that the difference between the mean values were significant. The other data 



























Emissions Indices for the Three Fuels at Four Engine Thrust Settings
 
 
Table 5. Paired t-test for Initial and after Background Corrected EIN Values for Jet A 
Note. CI is the confidence interval. N represents the number of samples. Lower and Upper Bounds of the mean were calculated 
with a 95% confidence level. 
* indicates the P-value was lower than the set significance level of 0.05 hence statistically significant results 
  
Setting 




T-Value P-Values Lower Bound Upper Bound 
10 
Initial 
Corrected 4 8.583E+15 3.872E+14 1.936E+14 
25.37 0.000* 4.113E+12 5.293E+12 Later 
Corrected 4 8.578E+15 3.869E+14 1.935E+14 
Difference 4 4.703E+12 3.708E+11 1.854E+11 
30 
Initial 
Corrected 4 6.366E+15 3.333E+14 1.667E+14 
54.26 0.000* 3.375E+12 3.795E+12 Later 
Corrected 4 6.362E+15 3.332E+14 1.666E+14 
Difference 4 3.585E+12 1.321E+11 6.607E+10 
85 
Initial 
Corrected 4 3.606E+15 2.029E+14 1.014E+14 
49.38 0.000* 2.149E+12 2.445E+12 Later 
Corrected 4 3.604E+15 2.028E+14 1.014E+14 
Difference 4 2.297E+12 9.304E+10 4.652E+10 
100 
Initial 
Corrected 4 5.81E+15 2.92E+15 1.46E+15 
-0.99 0.3930 -1.73E+15 9.039E+14 Later 
Corrected 4 6.222E+15 2.106E+15 1.053E+15 
Difference 4 -4.11E+14 8.264E+14 4.132E+14 
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Table 6. Paired t-test for Initial and after Background Corrected EIN Values for 75% Jet A – 25% Camelina Blend 
Note. CI is the confidence interval. N represents the number of samples. Lower and Upper Bounds of the mean were calculated with 
a 95% confidence level.  
Setting 









Bound Upper Bound 
10 
Initial 
Corrected 4 9.22E+15 6.336E+14 3.168E+14 
-0.54 0.6280 -5.64E+12 4.008E+12 Later Corrected 4 9.221E+15 6.325E+14 3.162E+14 
Difference 4 -8.14E+11 3.031E+12 1.515E+12 
30 
Initial 
Corrected 4 6.245E+15 3.937E+14 1.968E+14 
-0.54 0.6260 -4.24E+12 3.006E+12 Later Corrected 4 6.246E+15 3.92E+14 1.96E+14 
Difference 4 -6.15E+11 2.276E+12 1.138E+12 
85 
Initial 
Corrected 4 4.493E+15 2.063E+15 1.032E+15 
-0.53 0.6320 -2.7E+12 1.93E+12 Later 
Corrected 4 4.493E+15 2.064E+15 1.032E+15 
Difference 4 -3.86E+11 1.456E+12 7.278E+11 
100 
Initial 
Corrected 4 5.811E+15 1.006E+15 5.032E+14 
-0.53 0.6310 -2.46E+12 1.752E+12 
Later 
Corrected 4 5.812E+15 1.007E+15 5.035E+14 




Table 7. Paired t-test for Initial and after Background Corrected EIN Values for 50% Jet A – 50% Camelina Blend 
Note. CI is the confidence interval. N represents the number of samples. Lower and Upper Bounds of the mean were calculated with 
a 95% confidence level. 
Paired T-Test Results for Initial and After Background Corrected EIN Values for 50/50 Biofuel Blend 
Setting 









Bound Upper Bound 
10 
Initial 
Corrected 4 7.231E+15 2.838E+14 1.419E+14 
-1.72 0.1830 -6.07E+14 1.806E+14 
Later 
Corrected 4 7.445E+15 3.046E+14 1.523E+14 
Difference 4 -2.13E+14 2.476E+14 1.238E+14 
30 
Initial 
Corrected 4 5.263E+15 3.757E+14 1.878E+14 
-1.72 0.1830 -4.49E+14 1.335E+14 
Later 
Corrected 4 5.42E+15 5.226E+14 2.613E+14 
Difference 4 -1.58E+14 1.83E+14 9.152E+13 
85 
Initial 
Corrected 4 3.024E+15 2.286E+14 1.143E+14 
-1.72 0.1830 -2.91E+14 8.659E+13 Later Corrected 4 3.126E+15 2.533E+14 1.267E+14 
Difference 4 -1.02E+14 1.187E+14 5.936E+13 
100 
Initial 
Corrected 4 4.396E+15 2.32E+15 1.16E+15 
-1.72 0.1830 -2.66E+14 7.921E+13 
Later 
Corrected 4 4.49E+15 2.371E+15 1.185E+15 




Although the data sets for the engine thrust settings of 10%, 30%, and 85% rated 
thrust for Jet A fuel engine runs did show significant difference between the mean values, 
only the EIN data sets corrected with initial background measurement were used to assess 
the EI comparison among fuel types at selected engine thrust settings. 
Initial comparison of the emission indices for each fuel at observed engine thrust 
settings indicated some abnormality of the data at 10% and 85% rated thrust engine settings. 
The emission indices for the 75/25 biofuel blend seemed to be higher compared to those 
for the traditional het fuel while the emission indices of the 50/50 biofuel blend were lower 
than those for the traditional Jet fuel also shown in Figure 23. One should notice that the 
average emission index for the 100% Jet fuel at 100% engine rated thrust level overlapped 
with the average emissions index for the 7% Jet A blended fuel at the same engine thrust 
setting. 
The higher emission indices for the 75/25 biofuel blend effect might have been 
contributed by the robustness of the mean parameter. A plot of median emission indices vs. 
percent rated thrust was also plotted also shown in Figure 24. The higher average emission 
indices for the 75/25 biofuel blend were only observed at 10% Rated thrust engine setting. 
Other factors (which were not identified prior to the study) might have contributed to the 
tendency of the data. 
A logarithmic relationship of EIN to engine rated thrust was established in general 
form shown in Equation 3 (Kinsey et al., 2009) 
     (3) 
Where: 
 m = slope of the line 
ln( )NEI m Engine Rated Thrust b
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 b = intercept of the line 
The slope value for all the three fuel types ranged between -2(10)15 and -1(10)15 
while the intercept value for all the three fuels was 1(10)16. These results are similar to the 
results obtained during the APEX studies in which for all the engines studies, the slope 
value ranged between -2(10)15 and -3(10)15 while the intercept value ranged between 




Figure 23. Average EIN values for the Total PM Emission for the Three Fuels at Four Engine Thrust Settings. 
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Figure 24. Median EIN values for the Total PM Emissions for the Three Fuels at Four Engine Thrust Settings. 
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The comparison of PM number emission indices (EIN) using statistical analysis was 
conducted in two main steps. The first step involved performing a two-way Analysis of 
Variance Method (ANOVA). ANOVA is a statistical method which helps in statistically 
assessing significance among data sets that have than two factors (in this case the two 
factors involved were engine thrust settings and fuel types). A two-way ANOVA was used 
to determine whether there was statistically significant interaction between the two factors 
during the study or no statistically significant interaction between the factors. One-way 
ANOVA statistical tests were performed for each engine thrust setting by comparing the 
average emission indices biofuel blends to the traditional Jet fuel one. 
Initial assessment using the interaction plot shown in Figure 25 indicated that 
interaction exists between Jet A fuel and the 75% Jet A/25% Camelina blend at engine 
thrust settings of 30% and 85% rated thrust. Results from the two-way ANOVA statistical 
test shown on Table 8 indicated that there was no statistically significant interaction 
between the fuel type and the engine thrust settings. An ANOVA results indicated a p-
value of 0.969 (which is above 0.05 confidence level that was established for the study) 
indicating that there was no statistically significant interaction.  
 




Figure 25. Interaction Plot for EIN Comparison Study 
The main effects plot in Figure 26 was also studied to understand the overall 
average values of the emission for each fuel type and also the overall average emission 
indices of each engine thrust setting. The main effects plot indicated the overall emission 
indices for the 75 biofuel blend to be higher than those for the traditional Jet fuel as initially 
shown on the Figures 24 and 25. However, the overall average values of all the emission 
indices for all the three fuels at each of the four engine rated thrust settings depicted a u-
shape characteristic, a phenomenon observed APEX studies for each fuel type observed 




































Figure 26. Main Effects Plot for the EIN at Different Engine Throttle Settings for the Three 
Fuels 
 
The normal probability plot shown in Figure 27 indicated the data was not linear. 
The residual vs. fitted value plot indicated a random pattern with some outliers indicating 
that the variance was not constant. The residual vs. order plot also indicated that the 
observations were randomly selected. The application of the ANOVA method was 
therefore held true assuming that by applying the transformation techniques, linearity in 
the data would be produced. Transformation techniques were beyond the scope of this 
study; however, a careful observation and application of the transformation techniques may 






























Table 8. Two-Way ANOVA Results 
Note. Results obtained after conducting a Two-way ANOVA method on the data. 
*, P-value < 0.05 
 
The residual plots were studied to determine the distribution of emission indices 
based on fuel type and also engine thrust settings as shown in Figures 28 and 29 to study 
the variation of the data distributions. Both relationships (the spread of emission indices 
based on fuel type or engine thrust settings) did not indicate constant variation. 
 
Source DF SS MS F-value P-value 
% Jet A 2 1.87E+31 9.35E+30 5.52 0.008* 
Rated Thrust 
(lbs.) 
3 1.33E+32 4.43E+31 26.2 0.000* 
Interaction 6 2.20E+30 3.67E+29 0.22 0.969 
Error 36 6.09E+31 1.69E+30     
Total 47 2.15E+32       
S 1.30E+15         
R-Sq. 71.64%         





Figure 27. Residual Plots of the two-way ANOVA results. 
 

















































































Normal Probability Plot Versus Fits
Histogram Versus Order
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Figure 29. Residual Plot for EIN against Engine Thrust Setting 
Having found no statistically significant interaction between the two factors (engine 
thrust settings and fuel type), the emission indices data were clustered according to the 
engine thrust settings and compared among the fuel types. A one-way ANOVA technique 
was used since the comparison involved more than two factors 
The one-way ANOVA statistical tests were performed for average emission indices 
of the three fuel types for each of the four engine thrust settings. The tests were performed 
using a pooled confidence level of 0.05 indicating that the probability of concluding that 
the emission indices of the fuel types at selected engine thrust settings are statistically 
significantly different while they are not is not greater than 5%. At the engine thrust settings 
of 85% and 100% Rated thrust the emissions indices of the biofuel blends were not 
statistically significant lower than the emissions indices of the 100% Jet A fuel. The 
emissions indices of the biofuel blends were; however, statistically significant lower than 

















Residuals Versus Rated Thrust (lbs)




The Tukey’s method was applied to determine which fuels’ emission indices were 
statistically significantly different from each other. The confidence level applied in the 
Tukey’s method was 97.91% for each pair i.e. between the 75/25 biofuel and 100% Jet A 
fuel, and between the 50/50 biofuel blend and the 100% Jet A fuel. As shown in Tables 9, 
10 and 11, the emission indices for the 50/50 biofuel blend were lower compared to the 
100% Jet fuel at both 10% and 30% rated thrust levels. The statistical assessment indicated 
that there were no statistical significant differences among the fuels’ emission indices at 
engine thrust settings of 935lbs. and 1100lbs. 
Plots of residuals for average emissions indices against fuel type were also studied 
to understand the variations of distribution for each engine thrust setting. The plots are 





Table 9. One Way ANOVA Results for three fuels at four engine thrust settings 
 
  
Setting (%) Source DF SS MS F-Test 
Value
P-Value
Fuel Type 2 8.251E+30 4.126E+30





Fuel Type 2 2.930E+30 1.465E+30





Fuel Type 2 4.377E+30 2.189E+30





Fuel Type 2 5.336E+30 2.668E+30





* P-value < 0.05
0.004*
1.51












Table 10. Post-hoc Analysis to Determine which EIN of the Biofuel Blends Indicated 
Statistical Significant Difference Compared to Jet A fuel EIN 
Note. The results of the average emission indices of the biofuels blends that were 
statistically significant lower compared to the average emissions indices of the traditional 
Jet A fuel at selected engine thrust settings. The emissions indices with the same letter 
indicate no statistical significant difference. 
 
Table 11. The Difference in Means for the Statistically Significant Results Using Tukey 
Method 
Note. Application of Tukey method to determine the differences in means for the 
statistically significant results 
 
4.3 Summary 
The results that were obtained in this study show close agreement to the results that 
were obtained in other aircraft engines exhaust PM emission campaigns. However, one 
should also take into consideration that the results obtained in this study included both 
volatile and non-volatile PM emission. The results; however; do shed a light on expected 
ranges of values on standard parameters that being used by international aviation agencies 






Mean St. Dev Grouping 
 
10 
50 4  7.23E+15 2.84E+14 B  
75 4  9.22E+15 6.34E+14 A  
100 4  8.58E+15 3.87E+14 A  
30 
50 4  5.26E+15 3.76E+14 B  
75 4  6.25E+15 3.94E+14 A  




A N Mean Difference 
Lower 
Bound Upper Bound 
10 
50 4 7.23E+15 
1.35E+15 4.45E+14 2.26E+15 
100 4 8.58E+15 
30 
50 4 5.26E+15 
1.10E+15 3.75E+14 1.83E+15 
100 4 6.37E+15 
 
92 
CHAPTER 5. DISCUSSION AND CONCLUSION 
This chapter presents the discussion of the findings that were analyzed in the 
previous chapter. Results of this study are analyzed in the first section in light with other 
results that were obtained in other similar aircraft exhaust PM emissions research 
campaigns. The following section gives a concluding summary of the study with 
suggestions for improvements in the experimental design and setup.
 
5.1 Discussion 
The results that were obtained during this study indicated that the size distribution 
of the PM emissions number concentrations are log-normally distributed which is similar 
to the results that were observed during AAFEX and APEX research campaigns (Anderson 
et al., 2011; Kinsey et al., 2010). For all the fuel types examined during all the engine runs, 
the average emission indices ranged between 1.5*1015 – 1*1016 particles per kilogram of 
fuel used. This range observed is similar to what other researchers found out. during the 
AAFEX research study, the range of EIN values was between 3*1016 – 1*1017 particles per 
kilogram of fuel (Anderson et al., 2011) while for the APEX studies the range of EIN for 
all engines was between 1*1015 to 1*1016 particles per kilogram of fuel used (Kinsey et al., 
2010). The UNA-UNA study also indicated the range of EIN values for all the engines 
observed to fall between 3(10)16 and 2(10)17 particles per kilogram of fuel (Lobo et al., 
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2008). Specifically, this study was compared to the results obtained for the AE3007 
turbofan engine whose performance is similar to the TFE-109 in terms of the thrust amount. 
The EIN values for traditional Jet fuel obtained during the APEX-3 study for the AE3007 
indicated higher EIN values during the LTO cycles stages. The EIN values observed for the 
AE3007 turbofan for the Idle, Takeoff, Climb, and Landing stages respectively were 
2.46(10)16, 6.45(10)15, 7.45(10)15, and 9.79(10)15 particles per kilogram (Kinsey et al., 2010) 
while those for the TFE-109 were 8.58(10)15, 5.81(10)15, 3.61(10)15, and 6.37(10)15 
particles per kilogram of fuel.  
Similarly, the characteristic of the relationship between EIN values and engine 
thrust settings for the APEX studies was of u-shape characteristic (Kinsey et al., 2009) 
similar to this study results shown in Figures 23 and 24. This study also indicates that 
although the size range that observed was between 7 and 300nm, the PM emissions released 
from the turbofan engine exhaust indicated PM size distributions with geometric mean 
ranging between 40 and 70nm. The geometric mean diameters of these PM emissions 
would vary with engine type, operational conditions, and other factors. During the AAFEX 
study, the mean geometric size of the size distributions was between 15nm at idle to 35nm 
at takeoff. However, these results were for non-volatile PM emissions (Anderson et al., 
2011). Similar conclusions from the AAFEX study were also established during this study 
that the mean size of the size distributions were getting smaller (Figures 17 to 21) as the 
percent of Jet A was being reduced in the blended fuel (Anderson et al., 2011). 
Since, there was no small engine similar to TFE-109 turbofan engine during the 
AAFEX study, the experimental results involving the blended biofuels were also compared 
to the Auxiliary Power Unit (APU) results. The APU was of Model GTCP85-98CK which 
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mounted in the forward baggage compartment of the NASA DC-8 aircraft. The sizes of the 
PM emission for the Fischer Trospch – 2 fuel were lower compared to traditional Jet fuel 
(in this case JP-8) similarly to the results obtained in this study (Anderson et al., 2011). 
While the results from the APU emission study conducted at Sheffield, UK indicated 60% 
reduction in PM number emissions using the Artouste Mk113 APU using 50/50 blend of 
Jet A and Gas-to-Liquid Synthetic Paraffinic Kerosene (Lobo et al., 2012), the results 
obtained in this study (using the TFE-109 turbofan engine) indicated 15% reduction in PM 
number emission at and 17% reduction at Approach.  
The bi-modal tendency of the PM emissions concentrations at higher engine thrust 
settings that was observed during the study is similar to other studies indicated (Kinsey et 
al., 2009). Kinsey et al. (2009) suggested further studies and longer sampling times at 
higher engine thrust settings.  
 
5.2 Conclusion 
The results that were obtained during this study are estimates of the emission 
indices for the PM emission released from the TFE-109 turbofan engine. The results 
indicated that the average emissions indices for the total PM emissions of the two biofuel 
blends were not statistically significantly lower compared to those of the traditional jet fuel 
at 100% and 85% rated thrust levels. However, at 10% and 30%, the average emissions 
indices for the total PM emissions of the 50%-50% Jet A/Camelina biofuel blend were 
statistically significantly lower compared to those of the traditional Jet A fuel. The results 
may be useful for reference as the development of inventories for aviation PM emissions 
standards and certifications are underway for different types of engine. Also, the 
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methodology that was employed in this study might be useful to compare with other 
researchers works to quantify the effects of applying certain measurement steps. 
Additional steps taken to reduce the errors for future references might include 
heating the sampling line and diluting the sample with nitrogen gas to cool the sample and 
reduce other effects such as coagulation and condensation during transport process. This 
study did not employ the dilution process as expected due to the fact that the PM analyzing 
equipment was able to register the emission at higher concentrations. However, for future 
purposes, dilution might be needed for other reasons explained previously. This will also 
help to determine the emissions indices for the non-volatile PM emissions. Establishment 
of the residence times and sampling line losses while the PM emissions are being 
transported will contribute to determine the exact emission indices for the PM emissions.  
Due to inconsistency of the data (especially for the 75/25 biofuel blend to have EIN 
values higher than the traditional Jet fuel) the study may not completely conclude that 
reducing the amount of traditional Jet fuel in a blend will help to reduce the PM emissions 
released by the engine. Additional studies with experimental set-ups to account for 
volatility of the PM and other effects (particle loss among others) will help to clarify as to 
whether the increasing the biofuel proportion in blend will help to lower the PM emissions. 
Also, these studies will enable to investigate if there are other lurking variables affecting 
the results that are not known yet. As mentioned previously, once other effects are 
accounted for such volatility of PM emissions, coagulation, condensation, sampling line 
loss, different trends of results might be observed. The statistically significance difference 
between emission indices of the 50/50 biofuel blend and those of the traditional Jet fuel at 
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idle and approach engine thrust settings present a conclusion that the use of aviation biofuel 
may be useful to reduce aviation PM emissions. 
Results also indicated that the mean sizes of the PM concentrations decreased as 
the proportion of the biofuel in a blend was increased. While this suggests that increasing 
the proportion of the biofuel tends to make the PM emissions smaller in size, further 
investigation in the phenomenon may be useful. This investigation might help to 
understand the evolution of the PM emissions after being released from the engine exhaust 
as well as understanding the amount of volatile PM emissions generated as a result of using 
the aviation biofuel. The characteristic of the PM concentrations curves were uni-modal 
similar the results obtained from other studies with exception of higher engine thrust 
settings where bi-modal tendency was observed (Kinsey et al., 2009). Similarly, the 
emission indices were highest at idle stage (10% rated thrust) and 100% rated thrust and 
minimum at 30% and 85% rated thrust levels (Anderson et al., 2011). However, since this 
study was conducted to measure total particulate matter emissions, further investigation of 
non-volatile PM emissions for this engine may be useful. 
Additional topics of interest along this study might include understanding the 
correlation among different engine parameters and how that might affect the presentation 
of PM emission results. Such parameters include fuel flow rates, compressor fan speed, 
and exhaust gas temperature. The AAFEX study report indicates there might a need to 
understand what might be a better variable to relate with emission indices whether fuel 
flow rate or engine rated thrust (Anderson et al., 2011). More understanding of how the 
temperature contributes to the generation of PM emissions might be useful as far as 
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Appendix A Previous Aircraft Turbine Engine Particulate Matter Emissions Studies 
Table 12. Aircraft PM Emissions Studies 
Study Engine 









Rated Thrust (lbs) 
                
SULFUR 1 1994 Mk501 1971 3 16.5 7283 ATTAS 
Concorde 
Encounter 1994 Mk610       38050 Concorde 
SULFUR 2 1995 Mk501 1971 3 16.5 7283 ATTAS 
SULFUR 3 1995 Mk501 1971 3 16.5 7283 ATTAS 
POLINAT 1995 JT9D-7J 1971 5.1 23.5 49998 B747 
POLINAT 1995 CF6-50C 1974 4.3 27.8 50402 DC10 
POLINAT 1995 JT9D-7J 1976 5.1 23.5 49998 B747 
POLINAT 1995 CFM56-5C2 1993 6.8 28.8 31203 A340-300 
POLINAT 1995 CFM56-2C1 1994 6 23.5 22009 DC8 
SULFUR 4 1996 Mk501 1971 3 16.5 7283 ATTAS 
SULFUR 4 1996 CF6-80C2A2 1991 5.1 28 52448 A310-300 
SNIFF II 1996           Commercial MD80-1 
SNIFF II 1996           Commercial MD80-2 
SNIFF II 1996           Commercial B727 
SNIFF II 1996           Commercial B747 
SNIFF II 1996           Commercial B757 
SNIFF II 1996           Larc T-38 
SNIFF II 1996           WFF T-39 
   
109 
 
SNIFF II 1996 JT8D   1.0* 16* 14000 Larc B737 
SUCCESS 1996           Ames DC-8-L 
SUCCESS 1996           Ames DC-8-H 
SUCCESS 1996 RB-211         Larc B757-N 
SUCCESS 1996 RB-211         Larc B757-L 
SUCCESS 1996 RB-211         Larc B757-H 
SULFUR 5 1997 Mk501 1971 3 16.5 7283 ATTAS 
SULFUR 6 1998 Mk501 1971 3 16.5 7283 ATTAS 
SULFUR 7 1999 CFM56-5C2 1993 6.8 28.8 31203 B737-300 
SULFUR 7 1999 CFM56-5C4 1998 6.6 31.1 33991 A340-300 
SULFUR 7 1999 PW JT3D-3B 1968 1.4 13.6 18007 B707-307C 
APEX I 2004 CFM56-2C1   6 23.5 22000 DC-8 
UNA-UNA 2004 JT8D-219   1.7 20.27 21700 MD-88 
UNA-UNA 2004 CF6-80A2   5 30.1 48671 B767-300 
UNA-UNA 2004 CF6-80C2B8F   5.1 31.37 60024 B767-400ER 
UNA-UNA 2004 PW 2037   5.71 26.7 37397 B757 
UNA-UNA 2004 PW 127         ATR 72 
UNA-UNA 2004 CFM56-5C4         A340-400 
UNA-UNA 2004 PW 4060   4.7 29.7 60002 B767 
UNA-UNA 2004 TRENT 892B   5.7 41.38 92504 B777 
UNA-UNA 2004 CF34-3B1         CRJ 
UNA-UNA 2004 JT8D         DC-9 
UNA-UNA 2004 BR715A1-30         B717 
UNA-UNA 2004 CFM56-7B20         B737-700 
UNA-UNA 2004 CF6-80C2B1F         B747 
APEX II 2005 CFM56-3B2   5.1 24.1 22098   
APEX II 2005 CFM56-3B1   5.1 22.4 20100 B737-300 
APEX II 2005 CFM56-7B22   5.2 25.8 24211 B737-700 
APEX III 2005 CJ610     7 2949 LEARJET 25 
APEX III 2005 CFM56-3B1   5.1 22.4 20100 B737-300 





Note. Adapted from “Experiment to Characterize Aircraft Volatile Aerosol and Trace-Species Emissions (EXCAVATE),” by 
Anderson et al., 2005, NASA; “Alternative Aviation Fuel Experiment (AAFEX),” by Anderson et al., 2011, NASA; “Emission 
Measurements of the Concorde Supersonic Aircraft in the Lower Stratosphere,” by Fahey et al., 1995, Journal of Science, p270; 
“Airborne and Ground Based Jet Engine Aerosol Emissions Sampling During Two NASA Field Projects: SUCCESS and SNIFF,” 
by Hagen et al., 1997, Journal of Aerosol Science, Volume 28, p s67-s68; “Characterization of Emissions from Commercial Aircraft 
Engines during the Aircraft Particle Emissions eXperiment (APEX) 1 to 3,” by Kinsey et al., 2009, Environmental Protection Agency 
(EPA); “Delta – Atlanta Hartsfield (UNA-UNA) Study,” by Lobo et al., 2008, Partnership for AiR Transportation Noise and 
Emissions Reduction, Massachusetts Institute of Technology; “Influence of Fuel Sulfur on the Composition of Aircraft Exhaust 
Plumes: The Experiments SULFUR 1 – 7,” by Schumann et al., 2002, Journal of Geophysics Research; “Rolls Royce SNECMA 
Olympus 593 Mrk 610 Turbojet”, by Turbokart, 2013. Copyright by the American Psychological Association. 
 
APEX III 2005 PW 4158   4.6 30.7 58000 A300-600 
APEX III 2005 RB211-535E-4B   4.1 27.9 43095 B757-300 
APEX II 2005 CF6-80   5 29 46940 A300 
APEX II 2005 V2527   4.82 27.2 25000 A320 
APEX II 2005 JT8D         B727 
APEX II 2005 CF34         CL-600 
AAFEX I 2011 CFM56-2-C1   6   22000 DC-8 
AAFEX I 2011 CFM56-2A-2   5.9   24000 DC-8 
AAFEX I 2011 CFM56-2A-3   5.9   24000 DC-8 
AAFEX I 2011 CFM56-2-B1   6   22000 DC-8 
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Appendix B SAE E-31 Aircraft Turbine Engine Particulate Matter Emissions Measurements Set-up Schematic for Size 
Distributions and Particle Concentrations 
Figure 30. Schematic Diagram of the Experimental Set-Up as Recommended by AIR5892. Adapted from, “Non-volatile Exhaust 
Particle Measurement Techniques” by Society of Automotive Engineers, 2012. Copyright 2012 by Society of Automotive Engineers 
(SAE).  
112 
Figure 31. AIR6037 schematic set up. Adapted from, “Aircraft Exhaust Nonvolatile Particle Matter Measurement Method 
Development” by Society of Automotive Engineers, 2010. Copyright 2010 by Society of Automotive Engineers (SAE). 
113 
 
Figure 32. AIR6241 schematic set up. Adapted from, “Procedure for the Continuous Sampling and Measurement of Non-Volatile 
Particle Emissions from Aircraft Turbine Engines” by the Society of Automotive Engineers, 2013. Copyright 2013 by Society of 
Automotive Engineers (SAE). 
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Appendix C Pre-Experimental Routines for Emission Sampling Analyzers 
a. Condensation Particle Counter (CPC) pre-experiment routines 
i. Check if the working liquid level is satisfactory. 
ii. Connect the zero filter at the inlet for a Zero measure. The zero measure of the 
CPC should not exceed 0.5 particle per cubic centimeter or less than 1% of the 
particle concentration measured during previous engine run 
iii. Leak Check – connect the inlet of the CPC with a particle filter, pressure sensor, 
and ball valve. The CPC pump would be turned off while connecting the 
equipment at the inlet of the CPC. Once the three equipment are connected, the 
CPC pump would be turned on. The ball valve will be gradually closed to 
reduce the pressure into the CPC by about 10 to 15%. The zero measure of the 
CPC should be more than 50% above the zero level at ambient pressure. 
iv. Response Time – connect a 3-way valve at the CPC inlet with the other two 
inlet connected to the particle filter and another left to allow room air. The valve 
will be switched from the particle filter channel to the room air channel. The 
time it takes for the CPC counter to reach 90% of the ambient particle 
concentration should not take more than 5 seconds 
b. Electrostatic Classifier 
i. The electrostatic classifier will be connected to the CPC. The voltage of the 
classifier which is applied to the DMA will be set to zero. A particle filter will 
be connected at the inlet of the Classifier while the CPC pump is turned off. 
After the filter is connected, the CPC pump will be turned on. The count level 
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of the CPC should not be more than 0.5 particle per liter. 
ii. Leak check – a particle filter is connected at the inlet of the classifier, together 
with the pressure sensor and ball valve upstream (it should be initially fully 
open). These three devices should be connected while the CPC pump is turned 
off and the DMA voltage is zero. The CPC pump will be turned on and the ball 
valve will be gradually closed until the pressure is reduced by about 15 %. The 
zero level obtained should be more than 50% above the zero level measured at 
ambient pressure. 
c) 5-gas Analyzer – these steps were followed one hours before and after the engine 
test 
i. Check the temperatures of the analyzer to be working correctly 
ii. Check sample pump and sample flow and pressure to be working correctly 
iii. Apply zero gas to calibrate the analyzer. 





Appendix D Engine Runs Test Matrices 
Table 13. Test Matrix for the Preliminary Engine Runs 
 
Note. The data obtained in these engine runs were not analyzed. These engine runs were 
done for the purpose of ensuring the measurement set-up was correctly working. 
 
 
Table 14. Test Matrix for Jet A Fuel Engine Runs Conducted on April 29, 2014 
 
Run Setting Thrust Humidity
(lbs/% Rated) Starting Ending ( F) (K) Mb Atm (%)
1 1100 / 100 9:40 AM 43, 44 9:42:14 AM 9:45:40 AM 55 285.78 999.70 0.9866 90
2 935 / 85 9:44 AM 45 9:46:00 AM 9:48:00 AM 55 285.78 999.70 0.9866 90
3 330 / 30 9:47 AM 46 9:48:38 AM 9:50:46 AM 55 285.78 999.70 0.9866 90
4 110 / 10 9:50 AM 47 9:51:00 AM 9:54:24 AM 55 285.78 999.70 0.9866 90
1 110 / 10 10:00 AM 51 10:00:36 AM 10:04:32 AM 55 285.78 999.70 0.9866 90
2 330 / 30 10:03 AM 52 10:04:55 AM 10:07:34 AM 55 285.78 999.70 0.9866 90
3 935 / 85 10:06 AM 53 10:08:01 AM 10:11:03 AM 55 285.78 999.70 0.9866 90
4 1100 / 100 10:10 AM 54 10:11:30 AM 10:13:54 AM 55 285.78 999.70 0.9866 90
1 330 / 30 10:31 AM 62 10:32:29 AM 10:35:06 AM 62 289.67 999.70 0.9866 70
2 110 / 10 10:34 AM 63 10:35:18 AM 10:37:43 AM 62 289.67 999.70 0.9866 70
3 1100 / 100 10:37 AM 64 10:38:15 AM 10:40:32 AM 62 289.67 999.70 0.9866 70
4 935 / 85 10:40 AM 65 10:40:57 AM 10:43:16 AM 62 289.67 999.70 0.9866 70
1 935 / 85 10:53 AM 70 10:54:18 AM 10:57:10 AM 62 289.67 999.70 0.9866 70
2 1100 / 100 10:56 AM 71 10:57:26 AM 10:59:56 AM 62 289.67 999.70 0.9866 70
3 110 / 10 10:59 AM 72, 73 11:00:26 AM 11:04:49 AM 62 289.67 999.70 0.9866 70
4 330 / 30 11:04 AM 74 11:05:14 AM 11:07:33 AM 62 289.67 999.70 0.9866 70










Preliminary Test Matrix 
Test No. Date % Rated Thrust 
    8 10 18 30 36 55 67 70 77 91 100 
1 3/25/2014   X   X       X     X 
2 3/27/2014   X   X       X     X 
3 4/1/2014 X   X   X X X   X X X 
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Table 15. Test Matrix for 75/25 Biofuel Blend Engine Runs Conducted on April 17, 2014 
 
Table 16. Test Matrix for 50/50 Biofuel Blend Engine Runs Conducted on April 24, 2014 
 
 
Run Setting Thrust Sample Pressure Humidity
(lbs/% Rated) Starting Ending (F) (K) Mb Atm (%)
1 1 1100 / 100 10:32 AM 45 10:33:36 AM 10:35:56 AM 50 283.00 1024.10 1.0107 43
2 935 / 85 10:35 AM 46 10:36:18 AM 10:38:53 AM 50 283.00 1024.10 1.0107 43
3 330 / 30 10:38 AM 47 10:39:44 AM 10:42:39 AM 50 283.00 1024.10 1.0107 43
4 110 / 10 10:41 AM 48 10:43:11 AM 10:46:20 AM 50 283.00 1024.10 1.0107 43
2 1 330 / 30 11:00 AM 53 11:00:17 AM 11:03:02 AM 55 285.78 1024.30 1.0109 37
2 1100 / 100 11:02 AM 54 11:03:51 AM 11:06:14 AM 55 285.78 1024.30 1.0109 37
3 110 / 10 11:05 AM 55 11:06:57 AM 11:11:01 AM 55 285.78 1024.30 1.0109 37
4 935 / 85 11:10 AM 56 11:11:44 AM 11:14:28 AM 55 285.78 1024.30 1.0109 37
3 1 110 / 10 4:09 PM 13 4:10:28 PM 4:12:53 PM 64 290.78 1023.70 1.0103 34
2 330 / 30 4:12 PM 14 4:13:21 PM 4:16:03 PM 64 290.78 1023.70 1.0103 34
3 935 / 85 4:15 PM 15 4:16:41 PM 4:19:01 PM 64 290.78 1023.70 1.0103 34
4 1100 / 100 4:18 PM 16, 17 4:19:38 PM 4:22:11 PM 64 290.78 1023.70 1.0103 34
4 1 935 / 85 5:11 PM 40 5:12:25 PM 5:14:37 PM 65 291.33 1023.50 1.0101 33
2 110 / 10 5:14 PM 41, 42 5:15:21 PM 5:18:57 PM 65 291.33 1023.50 1.0101 33
3 1100 / 100 5:18 PM 43 5:19:40 PM 5:22:09 PM 65 291.33 1023.50 1.0101 33
4 330 / 30 5:21 PM 44 5:22:46 PM 5:25:22 PM 65 291.33 1023.50 1.0101 33
[CO2] Average Times Temperature





Starting Ending (F) (K) Mb Atm (%)
1 1100 / 100 10:54 AM 88 10:55:32 AM 10:58:15 AM 52 284.11 1016.80 1.0035 57
2 935 / 85 10:58 AM 89 10:59:13 AM 11:01:56 AM 52 284.11 1016.80 1.0035 57
3 330 / 30 11:01 AM 90, 91 11:02:35 AM 11:05:43 AM 52 284.11 1016.80 1.0035 57
4 110 / 10 11:05 AM 92, 93 11:06:19 AM 11:10:00 AM 52 284.11 1016.80 1.0035 57
1 935 / 85 11:21 AM 100 11:21:40 AM 11:23:42 AM 55 285.78 1016.10 1.0028 45
2 110 / 10 11:23 AM 101 11:24:22 AM 11:27:13 AM 55 285.78 1016.10 1.0028 45
3 1100 / 100 11:27 AM 102, 103 11:28:02 AM 11:30:30 AM 55 285.78 1016.10 1.0028 45
4 330 / 30 11:30 AM 104 11:31:07 AM 11:34:03 AM 55 285.78 1016.10 1.0028 45
1 330 / 30 3:45 PM 22 3:46:59 PM 3:49:57 PM 62 289.67 1012.00 0.9988 35
2 1100 / 100 3:50 PM 24 3:50:30 PM 3:53:13 PM 62 289.67 1012.00 0.9988 35
3 110 / 10 3:52 PM 25, 26 3:53:50 PM 3:56:47 PM 62 289.67 1012.00 0.9988 35
4 935 / 85 3:56 PM 27 3:57:12 PM 3:59:54 PM 62 289.67 1012.00 0.9988 35
1 110 / 10 4:13 PM 36, 37 4:13:07 PM 4:17:41 PM 63 290.22 1011.50 0.9983 34
2 330 / 30 4:16 PM 38, 39 4:18:14 PM 4:21:23 PM 63 290.22 1011.50 0.9983 34
3 935 / 85 4:20 PM 40 4:21:55 PM 4:25:05 PM 63 290.22 1011.50 0.9983 34
1
2






[CO2] Average Times Temperature Pressure
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Appendix E Background Measurement 
Figure 33. Background Measurement for Jet A Engine Runs. 
 
Figure 34. Background Measurement for 75/25 Biofuel Blend Engine Runs 1 and 2.  
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Figure 35. Background Measurement for 75/25 Biofuel Blend Engine Runs 3 and 4 
Figure 36. Background Measurement for 50/50 Biofuel Blend Engine Runs 1 and 2 
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Figure 37. Background Measurement for 50/50 Biofuel Blend Engine Runs 3 and 4 
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Appendix F PM Emissions Concentrations and EIN Values 
 
Figure 38. Residuals versus EIN at 10% Rated Thrust Settings 
 
 


























































Residuals Versus EIN (particle/kg of fuel)_110lb


























Residuals Versus % Jet A at 10% Rated Thrust





Figure 40. Residuals versus Fuel Type at 30% Rated Thrust Settings 
 
 


























Residuals Versus % Jet A at 30% Rated Thrust

























Residuals Versus EIN (particle/kg of fuel) at 30% Rated Thrust





Figure 42. Residuals versus EIN at 85% Rated thrust settings 
 
 












Residuals Versus EIN (particle/kg of fuel) at 85% Rated Thrust












Residuals Versus % Jet A at 85% Rated Thrust





Figure 44. Residuals versus EIN at 100% Rated Thrust 
 
 


















Residuals Versus EIN (particle/kg of fuel) at 100% Rated Thrust

















Residuals Versus % Jet A at 100% Rated Thrust
(response is EIN (particle/kg of fuel) at 100% Rated Thrust)
 
 
Table 17. Average Total PM EIN Corrected with Initial Background Measurement 
 
  
Fuel Type Run 
110 lbs. (10%) 330 lbs. (30%) 
Average 












1 8.10E+15 8.27E+15 6.50E+15 9.70E+15 5.93E+15 5.34E+15 4.89E+15 6.97E+15 
2 8.47E+15 9.06E+15 6.72E+15 1.02E+16 6.34E+15 6.13E+15 5.15E+15 7.53E+15 
3 9.00E+15 9.34E+15 7.19E+15 1.08E+16 6.73E+15 6.42E+15 5.48E+15 7.98E+15 
4 8.76E+15 8.91E+15 7.03E+15 1.05E+16 6.46E+15 6.14E+15 5.27E+15 7.65E+15 
75/25 
Blend 
1 8.76E+15 8.41E+15 7.13E+15 1.04E+16 6.19E+15 5.23E+15 5.18E+15 7.21E+15 
2 1.01E+16 7.23E+15 8.67E+15 1.15E+16 6.78E+15 6.50E+15 5.52E+15 8.05E+15 
3 9.32E+15 9.67E+15 7.44E+15 1.12E+16 6.16E+15 5.68E+15 5.06E+15 7.27E+15 
4 8.73E+15 7.88E+15 7.20E+15 1.03E+16 5.84E+15 4.61E+15 4.95E+15 6.73E+15 
50/50 
Blend 
1 7.53E+15 7.36E+15 6.10E+15 8.96E+15 5.18E+15 4.61E+15 4.28E+15 6.07E+15 
2 7.10E+15 6.65E+15 5.81E+15 8.39E+15 4.88E+15 4.36E+15 4.04E+15 5.73E+15 
3 6.90E+15 6.30E+15 5.68E+15 8.12E+15 5.78E+15 5.48E+15 4.72E+15 6.85E+15 




Table 18. Average Total PM EIN Corrected with Later Background Measurement 
  
Fuel Type Run 
110 lbs. (10%) 330 lbs. (30%) 
Average 






EIN Std. Dev Lower Bound Upper Bound 
JET-A 
1 8.09E+15 8.27E+15 6.49E+15 9.70E+15 5.93E+15 5.34E+15 4.89E+15 6.96E+15 
2 8.47E+15 9.06E+15 6.71E+15 1.02E+16 6.34E+15 6.13E+15 5.15E+15 7.53E+15 
3 8.99E+15 9.34E+15 7.18E+15 1.08E+16 6.73E+15 6.42E+15 5.48E+15 7.97E+15 
4 8.75E+15 8.92E+15 7.02E+15 1.05E+16 6.46E+15 6.14E+15 5.27E+15 7.65E+15 
75/25 
Blend 
1 8.76E+15 8.41E+15 7.12E+15 1.04E+16 6.19E+15 5.23E+15 5.18E+15 7.21E+15 
2 1.01E+16 7.23E+15 8.67E+15 1.15E+16 6.78E+15 6.50E+15 5.52E+15 8.05E+15 
3 9.32E+15 9.67E+15 7.44E+15 1.12E+16 6.17E+15 5.68E+15 5.06E+15 7.27E+15 
4 8.73E+15 7.87E+15 7.20E+15 1.03E+16 5.84E+15 4.61E+15 4.95E+15 6.74E+15 
50/50 
Blend 
1 7.53E+15 7.36E+15 6.10E+15 8.96E+15 5.18E+15 4.61E+15 4.28E+15 6.07E+15 
2 7.10E+15 6.65E+15 5.81E+15 8.39E+15 4.88E+15 4.36E+15 4.04E+15 5.73E+15 
3 7.33E+15 6.70E+15 6.04E+15 8.63E+15 6.10E+15 5.76E+15 4.98E+15 7.22E+15 




Table 19. Average Total PM EIN Corrected with Initial Background Measurement 
  
Fuel Type Run 
935 lbs. (85%) 1100 lbs (100%) 
Average 






EIN Std. Dev 
Lower 
Bound Upper Bound 
JET-A 
1 3.37E+15 2.77E+15 2.84E+15 3.91E+15 1.48E+15 6.13E+11 1.48E+15 1.48E+15 
2 3.65E+15 2.85E+15 3.09E+15 4.20E+15 7.58E+15 7.66E+15 6.10E+15 9.07E+15 
3 3.54E+15 2.91E+15 2.98E+15 4.11E+15 6.63E+15 5.73E+15 5.52E+15 7.75E+15 
4 3.86E+15 3.16E+15 3.25E+15 4.47E+15 7.54E+15 7.41E+15 6.11E+15 8.98E+15 
75/25 
Blend 
1 3.28E+15 2.62E+15 2.77E+15 3.79E+15 4.38E+15 4.37E+15 3.53E+15 5.23E+15 
2 3.72E+15 3.09E+15 3.12E+15 4.31E+15 6.47E+15 6.95E+15 5.12E+15 7.82E+15 
3 7.58E+15 6.49E+15 6.32E+15 8.83E+15 5.84E+15 5.22E+15 4.83E+15 6.86E+15 
4 3.40E+15 2.69E+15 2.88E+15 3.92E+15 6.55E+15 5.93E+15 5.40E+15 7.70E+15 
50/50 
Blend 
1 2.88E+15 2.35E+15 2.43E+15 3.34E+15 3.95E+15 3.19E+15 3.33E+15 4.56E+15 
2 3.18E+15 2.58E+15 2.68E+15 3.68E+15 3.01E+15 1.92E+15 2.64E+15 3.39E+15 
3 2.78E+15 2.29E+15 2.33E+15 3.22E+15 7.80E+15 8.84E+15 6.08E+15 9.51E+15 




Table 20. Average Total PM EIN Corrected with Later Background Measurement 
 
 
Fuel Type Run 
935 lbs. (85%) 1100 lbs (100%) 
Average 






EIN Std. Dev 
Lower 
Bound Upper Bound 
JET-A 
1 3.37E+15 2.77E+15 2.83E+15 3.91E+15 3.13E+15 2.10E+15 2.72E+15 3.54E+15 
2 3.65E+15 2.85E+15 3.09E+15 4.20E+15 7.58E+15 7.65E+15 6.09E+15 9.07E+15 
3 3.54E+15 2.91E+15 2.98E+15 4.10E+15 6.63E+15 5.72E+15 5.52E+15 7.74E+15 
4 3.86E+15 3.16E+15 3.24E+15 4.47E+15 7.54E+15 7.41E+15 6.10E+15 8.98E+15 
75/25 
Blend 
1 3.28E+15 2.62E+15 2.77E+15 3.79E+15 4.38E+15 4.37E+15 3.53E+15 5.23E+15 
2 3.71E+15 3.09E+15 3.11E+15 4.31E+15 6.47E+15 6.94E+15 5.12E+15 7.82E+15 
3 7.58E+15 6.49E+15 6.32E+15 8.84E+15 5.84E+15 5.22E+15 4.83E+15 6.86E+15 
4 3.40E+15 2.69E+15 2.88E+15 3.92E+15 6.55E+15 5.93E+15 5.40E+15 7.70E+15 
50/50 
Blend 
1 2.88E+15 2.35E+15 2.43E+15 3.34E+15 3.95E+15 3.19E+15 3.33E+15 4.56E+15 
2 3.18E+15 2.58E+15 2.68E+15 3.68E+15 3.01E+15 1.92E+15 2.64E+15 3.39E+15 
3 2.98E+15 2.46E+15 2.51E+15 3.46E+15 7.98E+15 8.75E+15 6.29E+15 9.68E+15 




Figure 46. The PM Emissions Number Concentrations for the Four Engine Runs at 10% 
Rated Thrust for Jet A Fuel Corrected with Initial Background Measurement. 
 
Figure 47. The PM Emissions Number Concentrations for the Four Engine Runs at 10% 
Rated Thrust for Jet A Fuel Corrected with Later Background Measurement. 
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Figure 48. The PM Emissions Number Concentrations for the Four Engine Runs at 30% 
Rated Thrust for Jet A Fuel Corrected with Initial Background Measurement. 
 
Figure 49. The PM Emissions Number Concentrations for the Four Engine Runs at 30% 
Rated Thrust for Jet A Fuel Corrected with Later Background Measurement. 
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Figure 50. The PM Emissions Number Concentrations for the Four Engine Runs at 85% 
Rated Thrust for Jet A Fuel Corrected with Initial Background Measurement. 
 
Figure 51. The PM Emissions Number Concentrations for the Four Engine Runs at 85% 
Rated Thrust for Jet A Fuel Corrected with Later Background Measurement. 
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Figure 52. The PM Emissions Number Concentrations for the Four Engine Runs at 100% 
Rated Thrust for Jet A Fuel Corrected with Initial Background Measurement. 
 
Figure 53. The PM Emissions Number Concentrations for the Four Engine Runs at 100% 
Rated Thrust for Jet A Fuel Corrected with Later Background Measurement. 
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Figure 54. The PM Emissions Number Concentrations for the Four Engine Runs at 10% 
Rated Thrust for 75/25 Biofuel Blend Corrected with Initial Background Measurement.  
 
Figure 55. The PM Emissions Number Concentrations for the Four Engine Runs at 10% 
Rated Thrust for 75/25 Biofuel Blend Corrected with Later Background Measurement.  
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Figure 56. The PM Emissions Number Concentrations for the Four Engine Runs at 30% 
Rated Thrust for 75/25 Biofuel Blend Corrected with Initial Background Measurement.  
 
Figure 57. The PM Emissions Number Concentrations for the Four Engine Runs at 30% 
Rated Thrust for 75/25 Biofuel Blend Corrected with Later Background Measurement.  
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Figure 58. The PM Emissions Number Concentrations for the Four Engine Runs at 85% 
Rated Thrust for 75/25 Biofuel Blend Corrected with Initial Background Measurement. 
Figure 59. The PM Emissions Number Concentrations for the Four Engine Runs at 85% 
Rated Thrust for 75/25 Biofuel Blend Corrected with Later Background Measurement. 
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Figure 60. The PM Emissions Number Concentrations for the Four Engine Runs at 100% 
Rated Thrust for 75/25 Biofuel Blend Corrected with Initial Background Measurement. 
 
Figure 61. The PM Emissions Number Concentrations for the Four Engine Runs at 100% 
Rated Thrust for 75/25 Biofuel Blend Corrected with Initial Background Measurement. 
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Figure 62. The PM Emissions Number Concentrations for the Four Engine Runs at 10% 
Rated Thrust for 50/50 Biofuel Blend Corrected with Initial Background Measurement. 
Figure 63. The PM Emissions Number Concentrations for the Four Engine Runs at 10% 
Rated Thrust for 50/50 Biofuel Blend Corrected with Later Background Measurement. 
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Figure 64. The PM Emissions Number Concentrations for the Four Engine Runs at 30% 
Rated Thrust for 50/50 Biofuel Blend Corrected with Initial Background Measurement. 
Figure 65. The PM Emissions Number Concentrations for the Four Engine Runs at 30% 
Rated Thrust for 50/50 Biofuel Blend Corrected with Later Background Measurement. 
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Figure 66. The PM Emissions Number Concentrations for the Four Engine Runs at 85% 
Rated Thrust for 50/50 Biofuel Blend Corrected with Initial Background Measurement. 
 
Figure 67. The PM Emissions Number Concentrations for the Four Engine Runs at 85% 
Rated Thrust for 50/50 Biofuel Blend Corrected with Later Background Measurement. 
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Figure 68. The PM Emissions Number Concentrations for the Four Engine Runs at 100% 
Rated Thrust for 50/50 Biofuel Blend Corrected with Initial Background Measurement. 
 
Figure 69. The PM Emissions Number Concentrations for the Four Engine Runs at 100% 
Rated Thrust for 50/50 Biofuel Blend Corrected with Later Background Measurement.  
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Appendix G Average Carbon Dioxide Concentrations 




Figure 70. Carbon Dioxide Concentrations during Jet A Engine Runs. 
 
Figure 71. Carbon Dioxide Concentrations during 75/25 Biofuel Blend Engine Runs. 
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Figure 72. Carbon Dioxide Concentrations during 50/50 Biofuel Blend Engine Runs. 
Appendix H Calculations of the Reynolds Number for the Sampling Probe 
 
Figure 73. Sampling Probe Drawing. (All dimensions are given in inches). 
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The design of sampling probe relied on the assumption that the speed of the exhaust flow 
was about 0.3 Mach speed since the engine was designed to operate at that speed 
(Krieger, 1987). 
         (22)
     (23)
      (24)
   (25)
  (26)
     (27)
      (28)






Re = ratio of molar gas constant to molar mass of air = 287 (Joules/kilogram/Kelvin) 
T = Temperature of the exhaust flow (measured to be 883 Kelvin) 
 
μ = Viscosity of the exhaust flow 
Re = Reynolds Number  
The flow after the inlet passage of 0.040 inches was assumed to be more laminar 
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